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GENE EXPRESSION EVOLUTION AFTER DUPLICATION

Ammon Michael Thompson, PhD
The University of Texas at Austin, 2015

Supervisor: Harold Zakon
Gene duplication is a mutational process that seeds genomes with new genetic
material. Ion channels comprise a large gene family that arose through gene duplications
that has played a substantial role in the evolution of novel traits across all of the domains
of life. For my dissertation, I investigated the evolutionary dynamics that allow gene
duplicates to evolve novel functions. To do so, I focused on measuring and modeling the
expression evolution of voltage-gated sodium ion channel duplicates implicated in the
convergent evolution of electric organs in two families of electric fish.
In chapter 1, I measured the expression stoichiometry of two sodium channel
duplicates in electric fish species as well as non-electric relatives. I found that before a
major shift in expression from skeletal muscle and neofunctionalization in the musclederived electric organ, one of the duplicate genes was first down-regulated in the
ancestors of both electric lineages. In chapter 2, I introduce a new model of the dynamics
of duplicate genes co-evolving under dosage balance selection for their shared
expression. I used the model to estimate the strength of selection on the duplicate genes
found in the electric fish lineages and to show that dosage balance selection impedes the
evolution of novel function early after gene duplication but can later facilitate novel
function evolution once a particular expression threshold is reached. In chapter 3 I
investigate the role a duplicate sodium channel played in the evolution of a novel electric
organ derived from motor neurons in a lineage of fish. In this lineage I show that a
v

skeletal-muscle-specific sodium channel duplicated and one of the duplicates gained
expression in the spinal cord. In this tissue this channel exhibits sequence evolutionary
patterns consistent with it evolving to contribute to the unique electrophysiological
attributes of the electric organ. This is the first observation of such a radical shift in
expression for a muscle-specific gene.
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CHAPTER 1:
Expression Evolution Facilitated the Convergent
Neofunctionalization of a Sodium Channel Gene
ABSTRACT

Ion channels have played a substantial role in the evolution of novel traits across all of
the domains of life. A fascinating example of a novel adaptation is the convergent
evolution of electric organs in the mormyroid and gymnotiform electric fishes. The
regulated currents that flow through ion channels directly generate the electrical signals
that have evolved in these fish. Here, we investigated how the expression evolution of
two sodium channel paralogs (Scn4aa and Scn4ab) influenced their convergent molecular
evolution following the teleost-specific whole genome duplication. We developed a
reliable assay to accurately measure the expression stoichiometry of these genes and used
this technique to analyze relative expression of the duplicate genes in a phylogenetic
context. We found that before a major shift in expression from skeletal muscle and
neofunctionalization in the muscle-derived electric organ, Scn4aa was first downregulated in the ancestors of both electric lineages. This indicates that underlying the
convergent evolution of this gene, there was a greater propensity toward
neofunctionalization due to its decreased expression relative to its paralog Scn4ab. We
investigated another derived muscle tissue, the sonic organ of Porhicthys notatus, and
show that, as in the electric fishes, Scn4aa again shows a radical shift in expression away
from the ancestral muscle cells into the evolutionarily novel muscle-derived tissue. This
study presents evidence that expression down-regulation facilitates neofunctionalization
after gene duplication, a pattern that may often set the stage for novel trait evolution after
gene duplication.
*This chapter has previously been published as Thompson, Vo, Comfort, and
Zakon, 2014. Molecular Biology and Evolution 31:1941-1955. Thompson performed
conceptual planning, experiments, analysis, and writing; Vo and Comfort performed
experiments; Zakon performed conceptual development.
1

1.1 INTRODUCTION

Many complex and novel phenotypes evolve through the duplication of genes. The
long-term maintenance of gene duplicates by natural selection is generally explained by
two

processes:

neofunctionalization

and

subfunctionalization.

Duplicate

genes

neofunctionalize when they gain a new function and are maintained by purifying
selection for that new function (Ohno 1970). Genes subfunctionalize when the expression
patterns and pleiotropic functions of the singleton ancestral gene are partitioned among
the descendant duplicate genes (Force et al. 1999). Initially, it was assumed that gene
duplicates either obtained new functions through the accumulation of neutral mutations
or rapidly degraded into pseudogenes. This “neutral trajectory” would thus only afford
duplicated genes a brief window of opportunity to obtain new functions (Lynch and
Conery 2000; Bershtein and Tawfik 2008). However, new data suggest that duplicate
genes often persist for long periods of time before becoming pseudogenes or gaining
novel functions (He and Zhang 2005; Rastogi and Liberles 2005; Conant and Wolfe
2008; Sato et al. 2009). This means that many stably maintained duplicate genes are
either under selection immediately after duplication for increased gene dosage (Papp et
al. 2003; Kondrashov 2012; Nasvall et al. 2012) or soon come under selection following
the neutral process of subfunctionalization (Force et al. 1999). How so many duplicate
genes co-evolve for long spans of time with apparently redundant function before they
obtain novel ones, and how this process facilitates the evolution of novel adaptations in
nature is a complex and interesting problem which is unresolved. To fully investigate this
problem, we must follow the evolutionary trajectory of paralogs in large, diversifying
clades.
When novel organ systems evolve, numerous genes must be co-opted (exapted) and
optimized for the new phenotype. The convergent evolution of electric organs derived
from muscle cells provides an elegant example of the tinkering nature of phenotypic
2

evolution. Between 100 and 200 million years ago, two different lineages of teleost fish
independently evolved electrical communication and navigation systems (Lavoue et al.
2012). In the separate ancestors of the mormyroids in Africa and the gymnotiforms in
South America, subpopulations of muscle cells transformed into non-contractile
electrocytes where the action potential was repurposed for generating electrical signals
which they broadcast through the water (Ferrari and Zakon 1993; Hopkins 1995); this put
the ion channels that generate sodium currents under a novel, diversifying selective
regime.
One of the genetic changes allowing the convergent evolution of the electric fishes’
unique communication system occurred over 100 million years before electric fish
existed, when the ancestor of all teleost fish underwent a whole genome duplication
(WGD). In that duplication event, the voltage-gated sodium channel of vertebrate skeletal
muscle, Scn4a, duplicated to Scn4aa and Scn4ab (Novak et al. 2006). When myogenic
electric organs evolved over 100 million years later in mormyroids and gymnotiforms,
the same paralog, Scn4aa, lost expression in skeletal muscle and was compartmentalized
into the electric organ (Zakon et al. 2006) where its protein sequence diversified in a
pattern mirroring the diversity of electric signals found in the numerous species of the
two electric clades (Arnegard et al. 2010). This substantial convergent change in
expression and function of the Scn4aa paralog occurred despite the fact that it and its
paralog have been broadly conserved in the skeletal muscle of all non-electric teleost
fishes for ~300 million years. This observation elicits two interesting questions. Can
more than chance explain the convergent neofunctionalization of Scn4aa? And, what
selective force is maintaining both paralogs in non-electric fish when one sodium channel
is sufficient in both electric lineages’ muscle? This system allows us to apply years of
gene duplication theory and research to the simultaneous investigation of the role gene
duplication plays in the evolution of novelty as well as the role convergent molecular
evolution plays in convergent phenotypic evolution.
Following the teleost WGD, Scn4aa and Scn4ab likely originated with identical
expression levels in the same cells. We hypothesize that the relative expression of the two
3

genes gradually diverged under continual selection until Scn4aa expression in the
ancestors of both electric lineages was substantially down-regulated relative to Scn4ab.
Thus, in the electric fish ancestors, Scn4ab contributed more to the abundance of sodium
channels than Scn4aa in muscle, and mutations that co-opted Scn4aa expression for the
new cell type would have been relatively less deleterious to muscle function. Under this
hypothesis there was a change in expression in teleosts after genome duplication that
facilitated neofunctionalization in electric fish.
Here, we investigate the role gene expression evolution played in the convergent
molecular evolution of Scn4aa in mormyroid and gymnotiform electric fish. Real-time
quantitative PCR (qPCR) is a well-developed assay for measuring gene expression;
however, to our knowledge, qPCR has not yet been used to study the evolution of
expression stoichiometry. We developed and validated a simple qPCR assay that
accurately measures the relative expression of multiple genes to each other, and analyzed
the relative expression of both paralogs in widely divergent taxa in a phylogenetic
context. Our analysis supports the hypothesis that Scn4aa was down-regulated relative to
its paralog in the ancestors of both electric lineages before its expression was lost in
skeletal muscle and it neofunctionalized in electric organs. We also found that Scn4aa
shows a similar pattern of expression in the sound-producing teleost the Midshipman
(Porhicthys notatus), being down-regulated in the skeletal muscle and up-regulated in the
novel myogenic sonic organ. Despite the apparent propensity for neofunctionalization,
analysis of branch specific dN/dS (non-synonymous mutations per non-synonymous site
over synonymous mutations per sysnonymous site) indicates that Scn4aa and Scn4ab had
similar levels of purifying selection throughout their shared evolutionary history even
when Scn4aa had significantly lower expression than Scn4ab. This supports the
conclusion that Scn4aa evolved a new function under continual purifying selective
pressure in both electric lineages.
1.2 METHODS

4

RNA extraction and preparation
Tissues were collected from 10 species (Porichthys notatus (N=5), Ictalurus
punctatus (N=6), Osteoglossum bicirrhosum (N=3), Danio rerio (N=4), Pantodon
buchholtzi (N=4), Tetraodon biocellatus (N=4), Gasterosteus aculeatus (N=3),
Gnathanemus petersii (N=3), Eigenmannia virescens (N=4), Xenomystus nigri (N=4)).
All fish except for P. notatus were purchased from commercial aquariums. P. notatus
samples from trunk muscle and sonic organ muscle were kindly provided by the
laboratory of Andrew Bass. In a subset of species (I. punctatus, O. bicirrhosum, G.
aculeatus) separate muscle samples from two or three locations in the hypaxial rostralcaudal axis were analyzed using qPCR to determine if expression stoichiometry varied
among different locations in the body. Muscle tissue was flash frozen in liquid nitrogen
immediately after excision and stored at -80 ºC until RNA extraction.
RNA extraction was conducted by homogenizing frozen tissue in STAT60 (TELTEST, Friendswood, TX) using a powerGen 150 homogenizer (Fisher). Homogenized
tissue was then column purified using Direct-zol RNA miniprep (Zymo, Orange, CA)
according to the manufacturer’s protocol. Genomic DNA was removed using the Turbo
DNase kit following the manufacturer’s protocol (Life Technologies, Grand Island, NY).
Final

RNA

concentrations

and

purity

were

measured

using

a

NanoDrop

spectrophotometer (Thermo Scientific, Waltham, MA, USA). All RNA samples had
A260/A280 > 1.7. RNA quality was assessed by visualization on an agarose ethidium
bromide gel.

Reverse transcription
Reverse transcription (RT) was performed on total RNA (30-700 ng) using the
Super Script III kit (Life Technologies, Grand Island, NY) and random hexamers (700
nM) and oligo-dT20 (1.25 µM) primers. Primer annealing occurred during a 5 min
incubation on ice followed by a 5 min incubation at 25 ºC. The subsequent extension time
ran at 50 ºC for 1.5 hr. followed by a 15 min enzyme inactivation step at 70 ºC. Large
fragments of both paralogs in P. buchholzi, P. notatus, T. biocellatus, and the single
5

ortholog in a Bichir (Polypterus senegalensis) were sequenced using an AB 3730
Analyzer (Applied Biosystems) on PCR samples and homology was confirmed using a
BLAST alignment search.

Real time quantitative PCR
Since this investigation requires the measurement of expression across several
species and between genes, hydrolysis probes were used in all qPCR reactions both to
confer specificity between the two paralogs and because hydrolysis probes create a
fluorescent signal that is independent of amplicon length. cDNA from RT reactions were
diluted to 2 ng/uL to guarantee no PCR inhibitor effects (Ramakers et al. 2003).
Hydrolysis probes (IDT, Coralville, IA) were used to analyze all species’ relative
expression. Primers and probes were designed to span exon splice junctions using IDT
online software. To guarantee paralog specificity both primers and the probe were
targeted to sequences that showed at least 20% difference between paralogs and were
evenly spaced along the primer/probe binding site. Paralog specificity of primers was
confirmed by PCR (Takara Bio Inc., Japan) followed by direct sequencing of purified
bands cut from agarose gel. Primer-targeted exons were then tested for alternative
splicing by matching the forward and reverse primers with primers in upstream and
downstream exons. The resulting PCR products were then visualized using
electrophoresis on an agarose gel. If a band pattern appeared which indicated the primers
and probes were targeted to exons involved in alternative splicing then new primers were
designed targeting different exons.
10 uL qPCR reactions contained: 2 ng cDNA, 2X TaqMan Universal Master Mix
No UNG (Applied Biosystems, Branchburg, NJ), 250 nM of each sense and anti-sense
primers, and 250 nM hydrolysis probes. The reactions were run in a Viia7 Real-Time
PCR System (Applied Biosystems) and run for 40 cycles at 60 ºC annealing and 1 min
extension at 60 ºC with fluorescence reading integrated over the extension phase. RT
reactions with no reverse transcriptase added were used as a negative control for all
6

samples analyzed. All negative controls showed either no amplification or amplification
> 8 cycles later than the sample.

q PCR validation
To investigate the patterns of expression evolution after the duplication of the
skeletal muscle sodium channel requires validation that qPCR can give accurate enough
estimates of relative expression of the two paralogs. PCR is well modeled by a simple
exponential equation: (DNA copies after C cycles of PCR) = (DNA copies at the
beginning of PCR) x 2C; PCR(c) = PCR(0) x 2C. Using this model one can track the
amplification of a target gene through fluorescent DNA binding probes in two different
samples and compare them according to how many cycles it takes the increasing
fluorescence to reach a specified threshold. The relative abundance of a transcript in two
different samples can be compared using the 2-ΔΔCq method (Livak and Schmittgen 2001),
where ΔΔCq is the difference in cycle numbers it takes for the two samples to pass a
threshold calibrated to the same internal reference, usually a house keeping gene; -ΔΔCq
= (Cq of gene in control treatment – Cq of reference in control treatment) + (Cq of gene
after treatment – Cq of reference after treatment). Real-Time quantitative PCR (qPCR) is
considered the gold standard in gene expression analysis but it is not used to compare the
expression of different genes to each other.
A well-known stumbling block to accurately interpreting real time qPCR data is the
assumption of 100% doubling efficiency at each cycle. If the primers do not saturate all
the primer binding sites on the template then the target sequence is not efficiently
doubling at each cycle. The bias introduced by the assumption of efficient doubling is
therefore propagated exponentially when estimating relative expression. In the case of
non-specific DNA binding probes, this problem is compounded by differences in
fluorescence signal per amplicon length. This is not problematic when comparing the
expression of a gene in two different experimental treatments since the two PCR
reactions are identically biased. However, in this study on the relative expression of two
different genes this can potentially be a problem since the relative expression of the two
7

genes must rely on two primer efficiency estimates. Hydrolysis probes which fluoresce
independent of amplicon length can adequately normalize the fluorescence signal across
amplicon types and if both primer sets amplify their respective targets with 100%
efficiency then there is no problem and the ratio of expression Scn4aa/Scn4ab can easily
be computed as 2ΔCq where ΔCq = Cq(Scn4ab) – Cq(Scn4aa). This allows us to bypass
the need for direct estimates of amplification efficiency using standard curves (Pfaffl
2001) which are labor and resource intensive and also introduce their own set of potential
biases (Ramakers et al. 2003, Ruijter et al. 2009).
In order to assess the accuracy of this method of analysis for this study it was
necessary to create samples with known relative abundances of the two genes. To create
samples we designed plasmids that had fragments of both paralogs ligated into the same
plasmid. Amplicons were created which contained qPCR primer and probe target sites
within in each paralog with a buffer of 50–200 bases upstream and downstream. In order
to produce amplicons which could be ligated together, the reverse primer for Scn4aa had
the ECOR1 target sequence added to the 5’ end with an extra ATA or ATT added to
provide sufficient space for the restriction enzyme to bind: 5’ATAGAATTC---3’. The
same method was used for Scn4ab but in the forward primer. PCR produced
approximately 400–800 base amplicons, containing the ~150 base qPCR amplicon near
the center and an ECOR1 cut site (located at the 3’ end of the Scn4aa amplicon and at the
5’ end of the Scn4ab amplicon) which would allow ligation of the two amplicons.
PCR reactions were run through a 2% agarose gel and bands cut according to their
expected sizes. Gel cuts were purified using PureLink quick gel extraction kits
(Invitrogen, Carlesbad, CA). The purified amplicons were then restriction digested with
ECOR1 HF (New England Biolabs (NEB), Ipswitch, MA). In brief; a 33 uL mixture of
both amplicons were incubated with 5 uL 10X buffer and 40 units ECOR1-HF (NEB) for
two hours. Following the digestion reaction, ECOR1 was inactivated at 65 ºC for 30
minutes. The digested fragments where then mixed in the presence of 800 units of T4
ligase (Quick Ligation kit, NEB) in the following reaction mixture: 19 uL restrictiontreated amplicon mixture, 19 uL 2X buffer, 2 uL T4 ligase. This mixture was incubated
8

for 10 minutes followed by inactivation at 65 ºC for 10 minutes. The ligated aa/ab
amplicon was then PCR amplified by using the forward primer of Scn4aa and the reverse
primer of Scn4ab. The PCR product was then run through an agarose gel where the
expected hybrid band was cut and purified. The new amplicon containing both genes was
then ligated into the pCR 4-TOPO plasmid using the TOPO TA cloning kit (Invitrogen)
and transformed into One Shot Top Ten chemically competent cells (Invitrogen).
Plasmids were purified from colonies grown in LB using the Gene Elute Plasmid
Miniprep kit (Sigma-Aldrich, St. Louis, MO). Plasmids were confirmed through
sequencing to contain a single amplicon with fragments of both genes with no mutations
at any of the primer or probe binding sites.
Dilution series of the plasmids were created to cover a range of concentration of
100 - 50,000 fold. RT qPCR was performed on 10 ul reaction mixes as described above.
Efficiency was also measured by fitting a linear regression to the log-linear phase of each
reaction’s amplification plot using the software LinRegPCR (Ramakers et al. 2003;
Ruijter et al. 2009).
To control for variable reaction conditions during cDNA synthesis, random
hexamers and poly T20 primers were used so the expression of both paralogs could be
measured from the same cDNA sample generated by the same reverse transcription
reaction. Though random primers are the priming strategy that is most robust to
secondary structure in mRNA and provides the least bias in the reverse transcription step
(Bustin and Nolan 2004, Ginzinger 2002), there may be enough variability in reverse
transcription efficiency to make qPCR data difficult to interpret as cDNA synthesis
would be introducing too much unquantified bias.
To assess the total bias over the entire RT qPCR process, a second calibration
experiment used two different primer-probe sets against the same gene for both paralogs
in D. rerio (N=4) and G. aculeatus (N=3) for a total of 8 primer-probe sets targeting four
different genes. The expectation here is that two probes targeting the same gene should
have an expression ratio of 1:1. Since there are two different probe sets per paralog in
these species, four different relative expression estimates were produced, for D. rerio the
9

estimated expression ratio Scn4aa:Scn4ab ranged from 0.08 – 0.15 among the four
combinations of primer-probe sets. For G. aculeatus the range is 0.68 – 1.19. The highest
Scn4aa to Scn4ab expression ratio was used for further analyses involving these species
since this is the most conservative estimate with respect to our hypothesis.

qPCR data analysis
Baseline corrected raw amplification readings were analyzed using LinRegPCR
software (Ramakers et al. 2003; Ruijter et al. 2009). A common threshold fluorescence
that crosses the exponential phase of both genes’ amplification curves was used to
measure and compare the Cq value for both genes in each species. The exponential phase
was determined by fitting a regression to the log-linear phase of each reaction’s raw
baseline-corrected amplification readings. If the R2 > 0.98, and there were at least 4 data
points, then the slope of the regression was used to estimate doubling efficiency for that
reaction. The doubling efficiency was taken as the average of all the reactions: 6
technical replicates and 3-6 biological replicates, the software did not include values that
were greater than 10% away from the median in this calculation. If no amplification was
shown then a conservative estimate of the Cq value was set to 40 since the qPCR reaction
was run for 40 cycles. If the doubling efficiency was within 5% of 1 then relative
expression was computed using a 2ΔCq where ΔCq = Cq(Scn4ab) – Cq(Scn4aa), since
two different genes are being compared in the same sample (rather than the more
common comparison of the same gene in two different samples normalized to a reference
gene). Finally, the equation Scn4aa/Scn4ab = 2ΔCq computes the paralogs’ relative
expression by measuring how many cycles it takes both genes to reach the same threshold
in a sample and assuming both genes are amplifying with 100% efficiency.

Maximum likelihood ancestral state reconstruction
Relative gene expression was measured in a total of ten species from several
divergent lineages within teleosts, including one electric fish from the gymnotiforms (E.
10

virescens) and one from the mormyroids (G. petersii). The mean log2 expression ratio
Scn4aa/Scn4ab among the biological replicates from each species was used along with a
chronogram derived from a recent comprehensive maximum likelihood tree of the bony
fishes (Betancur-R et al. 2013), with the branch lengths in millions of years. The tree was
pruned to the taxa with expression data using Dendroscope (Huson and Scornavacca
2012). Since the relative expression of both paralogs immediately after the whole genome
duplication was presumably 1:1, ancestral state estimates were determined for trees with
a ratio of 1 set at the root of the chronogram.
Evolutionary model selection was done using the R package OUCH (Butler and
King 2004). The model with the lowest AICc was selected as the model that best fit the
data. Ancestral state reconstruction was performed using the ace function in the R
package ape (Schluter et al. 1997) under several phylogenetic scenarios involving
assumptions about the character state at the root of the tree. The ace function was
modified to provide estimates at specified points along a branch as well as all nodes
(code available on request). This function assumes a geometric Brownian motion model
of evolution for a continuous trait since the trait data is log transformed.

Bayesian ancestral state reconstruction
To account for uncertainty at the root as well as uncertainty about our
measurements of relative expression, we developed a hierarchical Bayesian expression
for the probability distribution of ancestral states. To estimate the posterior probability of
relative expression of the most recent non-electric ancestors of the electric fish as well as
their most recent common ancestor, we estimated the marginal posterior probability of
the vector of these ancestral states given the data by simulating the joint posterior
distribution: p(x, y, β, µroot|data) = p(y|x, β, µroot)p(β|x, µroot)p(x|data)p(µroot). Where y is
the vector containing the three ancestral states of interest and x is the vector containing
the true mean relative expression of each species in this study, β is the Brownian rate
parameter. µroot is the mean log expression at the root of the tree. The probability of the
root is assumed to be N(µ root=0, σ2root=10), this is highly conservative with respect to the
11

data and the hypothesis and still assumes that equal expression is the most likely state of
the relative expression after WGD.
Rather than assume that mean relative expression is known, and is equal to the
measured mean x̅, for each species we modeled x as a random variable to account for
variation within species as well as use the information we gained from our plasmid
calibration experiments to model PCR bias effects (Figure 1.1). We model the mean of
our qPCR measurments, φ, in each species as the sum of two random effects; the true
mean of the species and the effect of the PCR assay used, θ; φ = x + θ. Since the true
mean x is what we are interested in to make evolutionary inferences, we use the equation
x = φ – θ. We model the mean expression from our measurments as a Student’s t
distribution: φ ~tn-1(x̅, s2m/n) where s2m is the sample variance. To model our uncertainty
about the PCR effects in species for which we did not perform a calibration experiment
and correction, we assumed that our calibration data is normally distributed with known
mean, 0, and unknown variance σ2PCR. The mean is known since there is no reason to
believe that qPCR systematically favors one ohnolog over the other in every species, but
since we have observed some small amount of PCR bias effect we expect some non-zero
chance there will be a small percentage of the total signal emanating from artifacts of the
PCR reaction favoring one ohnolog over the other. Therefore the joint probability, p(θ,
σ2PCR |Calibration data) = p(θ | σ2PCR) p(σ2PCR |Calibration data) = N(0, σ2PCR)p(σ2PCR
|Calibration data).
The posterior distribution for the variance given the calibration data, p(σ2PCR
|Calibration data), can be attained if p(Calibration data| σ2PCR) = N(0, σ2PCR) and p(σ2PCR)
=Scaled inverse-χ2 with υ degrees of freedom. Therefore if we have a conservative prior
belief that σ2PCR is twice that observed in the data and we weight that belief equally to the
data (set υ = sample size from the data; 4) then the posterior distribution p(σ 2PCR |
Calibration data) is a scaled inverse-χ2 distribution with degrees of freedom as the
number of independent primer/probe sets we investigated with plasmids (n=4) multiplied
by 2 and the scale is the weighted average of the observed mean squared deviates from
1

the expected value (4 ∑4𝑖=1 𝑖 2 )=0.0883 (Gelman et al. 2003), where i is the mean of each
12

of the four calibration experiments, and the prior belief that the scale is actually twice that
observed. In other words p(σ2PCR |Calibration data) = scaled inverse-χ2(df=8,
scale=0.0883/2+0.0883) = 8((3⁄2)0.0883)⁄χ2 (8). In summary we model x = tn-1(x̅,
s2m/n) - N(0,σ2PCR)(8(3⁄2)0.0883)⁄χ2 (8). We compared analyses using this model to
results using a much simpler approximation where we instead assume φ ~ N(x̅, s2m/n) and
σ2PCR is known with θ ~N(0, σ2PCR) and σ2PCR =

1
4

∑4𝑖=1 𝑖 2 and thus x ~N(x̅, s2m/n + σ2PCR)

the results were very similar. If we ignore uncertainty about PCR effects, our certainty
about inferred ancestral states only changes very slightly (data not shown) confirming
that we can assume our measured relative expression robustly supports our hypothesis.
The results reported are from the full model of uncertainty.
If the data is generated by a Brownian motion process over a tree, then the
probability of any set of points on that tree is multivariate normal with covariance matrix
determined by the branch lengths of the tree multiplied by the Brownian rate parameter β.
According to Schluter et al. (1997) the marginal posterior distribution of β given a set of
values on the tree and a value at the root and uniform priors for the mean and variance is
a scaled inverse-χ2 distribution with N degrees of freedom where N is the number of
internal node estimates plus tips, and Q is the sum of squared differences of all branches
between the maximum likelihood estimate of the ancestor, i, and that of its descendants,
2
i’, divided by the branch length ti,i’ connecting the two: 𝑄 = ∑𝑁
𝑖𝑖′ (𝑥𝑖 − 𝑥𝑖′ ) ⁄𝑡𝑖𝑖′ and so β

= Q/ χ2(N) (Schluter et al. 1997). We used the ace function from the package “ape” to
calculate Q.
Since the probability of a subset of a vector from a multivariate normal distribution
given another subset is also a multivariate normal, we modeled p(y|x, β, µroot) as
multivariate normal N(µy, Σ) with µy

being the mean y|x and Σ is the 3x3

variance/covariance matrix of y|x (Gelman et al. 2003), similar to the approach taken in
Gu (2004). To compute the distribution of p(y|x, β, µroot), we set the variance/covariance
matrix of all tips and ancestors of interest, V=βT where T is the matrix of branch lengths
with diagonals being the distance from root to either tip or ancestor of interest and the
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off-diagonals being the length of all branches shared by two species on the tree, either
extant or ancestral. The sub-matrix Y is the (3x3) variance/covariance matrix of the three
ancestors of interest, X is the (8x8) variance/covariance matrix of extant non-electric
species with relative expression data, and H is the (3x8) covariance matrix of y with x.
𝒀
𝑯𝑇

𝑽=(

𝑯
)
𝑿

(1)

𝜮 = 𝒀 − 𝑯 𝑿−1 𝑯𝑇

(2)

µy = µroot + 𝑯𝑿−1 (x - µroot)

(3)

p(y|x, β, µroot) = N(µy, Σ)

(4)

We sampled y (n=20,000) from the simulated joint posterior distribution p(x, y, β, µroot
|data) using the software package R to measure statistics from the marginal posterior
distribution p(y|data). Marginal posterior distributions are displayed in Figure 1.2.

Selection analysis
Nucleotide sequence was gathered from published sequences deposited on
GenBank as well as through our own sequencing effort. Codon alignments containing at
least two domains of both Scn4a paralogs in several teleost species and several nonteleost orthologs were produced using the MAFFT algorithm on the GUIDANCE server
(Penn et al. 2010). Codon sites with scores below the arbitrary 60 threshold were
removed. Tree from Betancur-R et al. (2013) was used and pruned using Dendroscope as
above. We took the teleost subclade of the resultant tree and duplicated it to produce two
identical subtrees, one for each paralog. The new duplication node was placed at the
midpoint of the root branch for the teleost clade. Branch specific dN/dS (ω) was
estimated using a random effects likelihood branch-site model (Kosakovsky Pond et al.
2011) on the Datamonkey server. This method avoids partitioning branches into
“foreground” positive selection and “background” neutral or negative selection. This
method estimates, using maximum likelihood, the proportion of sites in an alignment at
each branch which falls into three ω ratios corresponding to negative, neutral, and
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positive selection (ω-, ωN, ω+). These three selection classes are also estimated for each
individual branch in the phylogeny. The ω
̅ for each branch was calculated as a weighted
sum of the three ω rates, where the weight was the proportion of sites that fell into that
selection class. The log ratio of ω
̅ for each branch in the Scn4aa clade to its
corresponding branch in the Scn4ab clade was estimated. To test for a relationship
between relative expression and relative selection constraint the same tree was pared
down to the taxa for which we measured relative expression and dN/dS was again
measured using the same likelihood method. This ratio was regressed against the
estimated relative expression of the two paralogs at the terminal node of each branch in
the ancestral state reconstruction.

1.3 RESULTS

Validation of qPCR to measure the expression stoichiometry of Scn4aa and Scn4ab
To our knowledge, the accuracy of quantitative PCR in comparing the expression of
two genes has not been empirically determined. If hydrolysis probes such as TaqMan®
are used to avoid amplicon length effects and the primers and probes have a high enough
concentration to efficiently bind all amplicon copies, then theoretically a simple model
can be used for relative gene expression estimates. We assessed the accuracy of using an
equation based on a simple model of PCR kinetics: Expression ratio Scn4aa/Scn4ab =
2CqB-CqA (“2ΔCq” method) for estimating the expression stoichiometry, where ΔCq is the
difference in number of cycles (Cq) each gene (A and B) takes to pass a fluorescence
threshold. This method was tested in two ways (see below for more details). First,
samples with known relative abundances for the two paralogs (1:1) were created by
ligating fragments of both paralogs into the same plasmid. Four different plasmid
samples were created from G. aculeatus (2 plasmid samples for 2 primer-probe sets), O.
bicirrhosum, and I. punctatus. qPCR analysis demonstrated that the assumptions of the
2ΔCq method introduce less than a 1.5-fold bias (ΔCq < 0.5 cycles; where ΔCq = 0 was
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the expectation) in the Scn4aa/Scn4ab expression ratio, since both paralogs passed the
threshold within half a cycle of each other (Figure 1.1). Relative abundance estimates
were measured and averaged over multiple concentrations of plasmids covering a dilution
range of 100 fold to 50,000 fold. If there was a significant doubling efficiency difference
between the paralogs then the discrepancy of 2ΔCq to the known relative abundance would
increase as the number of cycles increased, which we did not observe (Figure 1.3). These
results indicate that the bias introduced by the simple analysis of 2ΔCq is small enough to
allow accurate biological interpretation of qPCR data and the bias isn’t due to the
assumption of 100% doubling efficiency. For the final analysis the relative expression
measured from G. aculeatus, O. bicirrhosum, and I. punctatus was corrected for bias by
subtracting from ΔCq the value of the bias, i.e. Scn4aa/Scn4ab = 2(Cb-Ca + bias) where bias
= Ca – Cb measured from the plasmid experiment.
Another validation technique used two primer-probe sets targeting the same paralog
and comparing the relative estimated expression of those two to each other, with the
expectation of equal expression since they target the same gene. This study yielded
similar results to the plasmid samples with bias being slightly higher, probably due to the
added bias of variable reverse transcription efficiency in addition to the PCR bias (Figure
1.4). Together, these results suggest that 2ΔCq accurately detects relatively small (e.g., 1.5fold) differences in expression between genes. The total bias in all four comparisons was
not very different from that measured from the probes in the plasmid study, with the
highest bias coming from the D. rerio Scn4aa with 1.55 fold difference from the expected
1:1 ratio.

Expression variability in different muscle regions
In all species analyzed muscle was dissected from the mid trunk region. To
determine if there is considerable expression variability between different parts of the
fish, qPCR was performed on two or three muscle cDNA samples at different locations in
three fish species. The relative expression in muscle from the most anterior region of the
trunk muscle and another at midtrunk were measured from three fish of each species. I.
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punctatus rostral Scn4aa:Scn4ab was 0.38 ± 0.13 and mid-trunk was 0.28 ± 0.05. In G.
aculeatus rostral Scn4aa:Scn4ab was 1.24 ± 0.34 and mid-trunk was 1.24 ± 0.30 using
primer set 1 (Table 1.3). In X. nigri rostral Scn4aa:Scn4ab was 0.19 ± 0.01 and mid-trunk
was 0.21 ± 0.03 (Figure 1.5). There was more variability in this pattern among O.
bicirrhosum individuals where relative expression was measured from samples taken
from three locations along the rostral-caudal axis. Rostral Scn4aa:Scn4ab expression was
0.79 ± 0.08, mid-trunk was 0.57 ± 0.32 and tail area was 0.67 ± 0.16. In three of the four
species including the closest relatives of the electric fish there was little variability in
relative expression in different locations in the body. In O. bicirrhosum there was more
variability between fish and along the body axis. cDNA from three day old D. rerio
larvae whole body RNA was compared to four adults mid-hypaxial trunk muscle both
using qPCR primer set 1 (Table 1.1). The expression was highly similar indicating that
the pattern develops early and that the pattern is consistent throughout the whole body.
Embryo: 0.09±0.04 and adult: 0.08±0.03. These embryos were part of a different study
conducted by the authors and were injected with non-zebrafish gene targeting control
morpholinos at the one to four cell stage. Despite these injections they show highly
similar expression of the two ohnologs to the adult mid-trunk muscle RNA. These data
indicate that our muscle samples provide a good estimate for the entire fish, but that it is
possible that expression may be more heterogeneous in some species.

Comparative expression and ancestral state reconstruction results
We used qPCR to compare the expression of the two paralogs in several nonelectric and electric teleost fish. The two electric fishes, E. virescens and G. petersii,
showed almost no detectable expression of Scn4aa in skeletal muscle, confirming
previous qualitative findings (Arnegard et al. 2010). Among eight non-electric fish the
distribution of relative expression (Scn4aa : Scn4ab) shows Scn4aa having lower
expression than Scn4ab in all but one species, varying between a greater than 6-fold
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lower expression to a slight 0.2 fold higher expression. The closest relatives to the
electric fishes tended to have the lowest expression of Scn4aa (Figure 1.6).
Model selection and maximum likelihood estimation of ancestral states
To investigate the possibility that a down-regulation of Scn4aa expression preceded
the parallel loss of expression in muscle and neofunctionalization in electric organ, we
performed ancestral state reconstruction on the expression ratios of the two genes.
Neutral genetic drift and randomly fluctuating natural selection can be described by
Brownian motion (Hansen and Martins 1996; O’Meara et al. 2006; Losos 2011).
Evolution under stabilizing selection for an optimal value can be modeled as an OrnsteinUhlenbeck (OU) process (Hansen 1997). Stabilizing selection for long periods of time
with punctuated shifts in selected optima can also be modeled as an OU process (Butler
and King 2004). To select the best evolutionary model for estimating ancestral expression
pattern, expression data was fit to the tips of a highly comprehensive and recently
published time-calibrated phylogeny (Betancur-R 2013), and a Brownian motion model
of neutral evolution was compared to several OU models of evolution under purifying
selection. The OU models ranged in complexity from a single optimal Scn4aa:Scn4ab
expression for the whole tree to three different optima mapped onto different sub-clades
of the tree according to the largest shifts in relative expression pattern (Table 1.2). An
OU model with two optima, one shared by the convergent electric fishes (little to no
detectable expression of Scn4aa) and the other optima for non-electric fish, had the
lowest AICc value, though it was only marginally better (2<ΔAICc<4) than a more
complex model with a third separate optimum for the clade containing G. aculeatus and
T. biocellatus, which both show the highest expression ratio between the paralogs. When
the electric fish lineages were removed from the tree, a Brownian motion model (no
selection/randomly fluctuating selection) showed a much better fit than all OU models
tested (ΔAICc > 4) for the remaining non-electric fish (Table 1.3). This pattern indicates
the relative expression was evolving under a neutral evolutionary process until a shift
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towards selection for a significant decrease in Scn4aa expression occurred along the
branches leading to the mormyroids and gymnotiforms.
The initial relative expression immediately after duplication was likely a 1:1
expression ratio, since these genes duplicated during a WGD and therefore their
regulatory sequence was likely identical. This information should make ancestral state
estimation much more accurate than in cases where the state at the root of the tree is
much more ambiguous. The WGD could have occurred anywhere along the teleost root
branch, which spans 39 million years (Betancur-R 2013). Model testing and ancestral
states were estimated using three different time points along that branch for the WGD
event. The earliest possible duplication event timing was set to the time of divergence of
teleosts and their closest relatives, the holostei (322 mya). The most recent possible
duplication scenario was placed at the most basal bifurcation in the teleost tree which
produced the elopomorpha clade (283 mya) (Betancur-R et al. 2013). The third,
intermediate, scenario placed the WGD at the mid-point of the tree root (302 mya). The
results of the three ancestral state reconstruction scenarios (early, intermediate, and late
duplication times) predict very similar ancestral expressions (Table 1.2).
The OU model that fit the full data and tree best showed all the non-electric fish
under selection for a ratio of 0.39. Under the model with a separate optimum for the
pufferfish/stickleback clade, the rest of the non-electric fish were predicted to be evolving
around an optimal value of 0.305 and the pufferfish/stickleback clade evolving under the
optimum of 1.34. Both models support the hypothesis that the two electric fish lineages
evolved from an ancestor that had Scn4aa down-regulated relative to Scn4ab after the
teleost WGD.
Ancestral state reconstruction using a Brownian motion model was performed on a
tree with the electric fish data removed. Reconstruction under different timings of the
whole genome duplication (283, 302, 322 mya) consistently predicted that the ancestor of
both electric fish lineages had Scn4aa greatly down-regulated relative to Scn4ab in
skeletal muscle with the most recent non-electric mormyrid ancestor having a 2-2.3 fold
reduction of Scn4aa expression relative to Scn4ab and the gymnotiform ancestor having a
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2.7-3.1 fold reduction (Figure 1.7; WGD at 302 my). A ratio of 1:1 fell outside the 95%
confidence interval (Schluter et al. 1997) for the most recent estimated ancestor’s relative
expression of Scn4aa to Scn4ab for the two electric clades under all three WGD timings.
In every evolutionary scenario analyzed, Scn4aa is predicted to have been downregulated in the ancestor of both electric lineages before its expression was lost in muscle
and neofunctionalized in the electric organ.

Bayesian estimation of ancestral states
To relax several of the assumptions behind our maximum likelihood estimation, we
developed a hierarchical Bayesian framework to infer ancestral states (see Methods). It is
possible that the teleost ancestor was an allotetraploid and thus potentially had unequal
expression between paralogs (depending upon how genetically divergent the two parental
species were; Rapp et al. 2009). However, even in the case of allopolyploidy, we would
not expect the expression between paralogs to differ substantially, as the longer two
hybridizing species have diverged, the more Dobzhansky-Muller incompatibilities are
expected to accrue. This accumulation of mutations is expected to be more rapid in more
complex genomes and developmental programs, putting a narrow limit on how
genetically diverged hybridizing species can be. The conserved synteny of these paralogs
among teleosts likely precludes the possibility of any large scale structural regulatory
changes happening very soon after duplication (Novak et al. 2006; Widmark et al. 2010).
In light of this, we argue that equal expression is the most likely state after genome
duplication, but we weaken our certainty about this by modeling the value at the root as a
highly dispersed random normal variable. Our maximum likelihood estimates are also
built on the assumption that our measured mean log expression ratios for each species are
the true means for those species. Though we demonstrated that our assay introduced little
bias, there were still different amounts of variation between individuals within the
different species and we did not get an individual measure of PCR bias effects for every
species in the study, so a more explicit treatment of the uncertainty of our measurements
would provide more confidence in interpreting the results of our analysis. Therefore, we
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treated the measured mean log expression ratio for each species as a probability function
of the sampling distribution and the signal introduced by the qPCR assay (see Methods).
If we are certain that the ancestral state at the WGD is 1:1 like in the maximum
likelihood analysis then the probability that Scn4aa had lower expression than Scn4ab for
both electric fish ancestors is 0.98 and 0.99 for the most recent non-electric ancestor of
the mormyroids and the gymnotiforms, respectively. The probability Scn4aa < Scn4ab is
0.91 for their common ancestor (Fig 4A). Next, instead of treating the state after
duplication at the root of the tree as known (1:1) we modeled it as a random normal
variable with mean log2(1). We made a conservative assumption that the expression
difference upon duplication likely didn’t exceed twice the largest expression difference
observed in our dataset, which is a log2(ratio) of -2.85 observed in zebrafish. We
therefore set the variance of the root at 10, reflecting our assumption that the probability
that the relative expression ratio at the root was greater than zebrafish (p(Ancestor > |2.85|) ) is approximately 0.33 and greater than twice that of zebrafish is 0.22. We view
this as a highly conservative assumption since a 1:1 ratio biases values near the root away
from the phylogenetic mean of the dataset, which is less than 1:1. With these models, and
the assumptions of the evolutionary model selected, the marginal posterior probability
that expression of Scn4aa was less than Scn4ab (4aa < 4ab) in the most recent nonelectric ancestor of the mormyroids is 0.91, that of the most recent non-electric ancestor
of the gymnotiforms is also 0.91, while that of the common ancestor of both was 0.60
(Fig 4B). Thus, the stronger the prior belief that these genes had equal expression after
the genome duplication, the more probable that Scn4aa had lower expression than
Scn4ab in the common ancestor of the two electric lineages. Not surprisingly, the means
of the posterior distributions are robust to uncertainty about the state at the WGD. The
mean of the posterior distribution for the ancestral expression ratio Scn4ab:Scn4aa is
2.8:1, 3.1:1, and 1.4:1 for mormyroids, gymnotiforms, and their common ancestor,
respectively.
We interpret these overall results to mean that if the relative expression is evolving by a
largely neutral evolutionary process and if the tree we used to do the analysis accurately
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models the relationships of the species in our dataset, then even with some highly
conservative assumptions (see methods) the probability Scn4aa was down-regulated
before neofunctionalizing in a novel tissue is high for both lineages of electric fish. We
outline a possible mechanism for this slow neutral rate of expression divergence in the
discussion.

P. notatus and sonic muscle
Like the convergent evolution of myogenic electric organs, sonic muscles have
evolved multiple times in teleost fishes (Bass and Zakon 2005; Boyle et al. 2013). In the
Midshipman, Porichthys notatus, where vocalizations are used by males to attract
females, highly derived sonic muscle fibers vibrate the swim bladder at frequencies in the
hundreds of hertz. These are frequencies in excess of 10 times what is possible in the
fastest known skeletal muscle fibers used for locomotion (Rome et al. 1996). The muscle
fibers comprising the sonic muscle have highly derived structural and molecular features
(Bass and Marchaterre 1989; Rome et al. 1996; Lewis et al. 2003). It is possible that the
sodium channel expression pattern in the sonic muscle also evolved to optimize the high
frequency contraction rate of these cells. If Scn4aa was expressed at lower levels in the
ancestor of midshipmen then perhaps it was more evolvable in the derived sonic muscle
fibers.
Along with measuring the relative expression of the duplicate sodium channel genes
in trunk muscle, we measured their expression in the sonic muscle of these fish. In
contrast to the skeletal muscle in these species, where Scn4aa has over a 5-fold reduction
in expression relative to Scn4ab, the sonic muscle on average shows 80% higher
expression of Scn4aa than Scn4ab (Figure 1.8). Though not as extreme as the electric
fish, this is another example of a fish with a derived muscle cell type up-regulating
Scn4aa relative to Scn4ab; in no other species measured for this study does Scn4aa have
a significantly higher expression than Scn4ab (Figure 1.6). This presents the exciting
possibility that Scn4aa shows a recurrent tendency to gain new functions when novel
muscle-derived organs evolve in teleost fish. Under the assumption that the relative
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expression of the two paralogs experienced positive selection for a radical shift in
expression in P. notatus, maximum likelihood ancestral state reconstruction was
performed without P. notatus. The results were highly similar and were still statistically
significant as before.

Patterns of selection
Genes with low expression may be less essential to fitness and evolve at faster rates
than highly expressed genes (Krylov et al. 2003; Drummond et al. 2005). To explore the
possibility that Scn4aa was under weaker selection than Scn4ab prior to
neofunctionalization, we compared the dN/dS of each branch in the Scn4aa clade to the
same branch in the Scn4ab clade (Figure 1.9). Both genes had identical evolutionary
histories since they co-existed in the same genomes; this means the Scn4aa clade is
identical in topology to the Scn4ab clade. We estimated the mean dN/dS (ω
̅ ) ratio for
each branch using a random effects likelihood branch sites model (Kosakovsky Pond et
al. 2011; see methods for tree construction) (Figure 1.10). There was no significant
difference in ω
̅ between the two paralogs (p=0.24 Wilcoxon signed rank test) and no
significant relationship between relative expression and relative ω
̅ between the two
paralogs (p=0.45). Scn4aa appears to have been under similar levels of selective pressure
as Scn4ab in the most recent non-electric ancestors of the electric fishes.

1.4 DISCUSSION
How a gene’s expression evolves after duplication has an impact on how the
function of that gene evolves. A change in magnitude, timing, and spatial pattern of
expression can change the cellular context of the gene and thus the fitness consequences
of mutations in that gene. Therefore, determining the evolutionary changes in gene
expression can greatly illuminate the selective causes behind evolutionary changes in
protein sequence and function.
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Validating qPCR to measure the relative expression of duplicate genes
We measured the accuracy of qPCR using hydrolysis probes to quantify the relative
expression of two paralogous genes. We have shown that a simple model of PCR kinetics
introduces little bias and the bias appears not to come from the assumption of equal and
100% efficiency (Figure 1.3). Having ascertained that qPCR can be accurate in detecting
a 1.5-fold difference in expression between genes, we studied the comparative relative
expression of a duplicate pair of sodium channel genes to gain insight into the possible
role expression evolution played in their parallel neofunctionalization at the base of the
gymnotiform and mormyroid clades. This study demonstrates that quantitative PCR using
hydrolysis probes can be used to investigate the expression stoichiometry of genes.

Parallel loss of Scn4aa expression from muscle in electric fish
The evolutionary potential of a gene is determined by its current function and
expression. The unique accumulation of mutations experienced by paralogs following
gene duplication can alter their evolutionary potential relative to one another, such that
one paralog of a pair might be more easily co-opted for a given novel phenotype than its
counterpart. The fact that the closest relatives of the two electric lineages show the lowest
expression of Scn4aa while more distant relatives show higher expression supports a
convergent down-regulation before convergent neofunctionalization. However, given the
widespread pattern of lower expression of Scn4aa (Figure 1.6), down-regulation could
have happened soon after duplication, indicating that both electric lineages may have
inherited this pattern from a common ancestor. In either case, the convergent
neofunctionalization of Scn4aa appears to have been facilitated by a down-regulation in
relative expression.
Interestingly, electric fish have no apparent muscle deficiency despite being the
only teleost fish expressing just one of the paralogs in their muscle (Arnegard et al.
2010). Large- and small-scale studies on protein interaction networks and knockout
phenotypes indicate that duplicate genes often have a high degree of functional
redundancy for a much longer period of time than theoretical studies first predicted
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(Lynch and Conery 2000; Solomon and Fritz 2002; Gu et al. 2003; Tvrdik and Cappecchi
2006). In fact, duplicate genes often maintain considerable functional overlap for tens of
millions of years (Vavouri et al. 2008), even in rapidly reproducing lineages (yeast: Gu et
al. 2003; Dean et al. 2008; DeLuna et al. 2008). In C. elegans, numerous paralogous pairs
have been shown to be highly redundant in function through RNAi knockout
experiments, even among paralogs that duplicated over 80 million years ago (Tischler et
al. 2006). In vertebrates there are numerous examples of single knockouts of one
duplicate gene with little phenotypic consequence, whereas a double knockout of both
paralogs proves highly deleterious (Solomon and Fritz 2002; Kafri et al. 2008, 2009).
Another line of evidence suggesting high functional overlap between ancient duplicates
comes from the non-functionalization of paralogs long after duplication. Paralogs
produced by the teleost WGD were often maintained over 100 million years before
becoming pseudogenes (Sato et al. 2009). This is much longer than expected for genes
evolving under neutral selection (Lynch and Conery 2000). If duplicate genes can
become lost from the genome tens to hundreds of millions of years after duplication, then
genes can also neofunctionalize tens to hundreds of millions of years after duplication.
There may be myriad selective mechanisms maintaining the apparent redundancy of
genes and the type of gene would likely be an important factor in post-duplication
evolutionary dynamics (He and Zhang 2005; Kafri et al. 2006; Makino and McLysagt
2010). The fact that all teleost fish observed to date express both sodium channel
paralogs in muscle while electric fish exhibit no apparent phenotypic consequence by
only expressing one implies a large degree of functional similarity between the duplicates
in skeletal muscle.

Genome duplication and the dosage balance hypothesis
These observations of functionally redundant yet essential gene duplicates may be
explained by the interaction of gene expression evolution and protein sequence evolution
(Nuzhdin et al. 2004; Anderson and Evans 2009). A change in relative gene dosage (copy
number) can have a profound effect on the evolutionary dynamics of genes after
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duplication. Therefore it is expected that the type and scale of duplication (e.g., tandem
versus whole genome) will greatly impact the subsequent evolutionary potential of the
duplicate genes involved (Papp et al. 2003; Gu et al. 2005; Aury et al. 2006; Henrichsen
et al. 2009; Qian et al. 2010; Kondrashov 2012) and thus determine the time-scale of
functional divergence.
Many pathologies, such as Down Syndrome, arise from an increase in gene dosage
which increases transcript abundance (Kahlem et al. 2004; Arron et al. 2006; Stranger et
al. 2007). The relative expression of genes typically has a large impact on the
stoichiometric ratios of interacting proteins and, thus, on gene duplicability (Papp et al.
2003; Makino and McLysaght 2010; Schwannhauser et al. 2011). Generally, if a gene is
dosage-balanced (in stoichiometric balance with other genes), then it cannot duplicate
through small-scale duplications. The dosage balance hypothesis states that dosagebalanced genes can only duplicate during WGDs, where relative expression is not altered
(Papp et al. 2003; Kondrashov and Koonin 2004; Aury et al. 2006). This hypothesis
predicts that following WGD, both paralogs will be maintained by purifying selection to
preserve correct stoichiometry among interacting proteins produced by the sum of the
two paralogs’ expression (Aury et al. 2006; Blomme et al. 2006; Chain and Evens 2006;
Sato et al. 2009; Birchler and Veitia 2012). Instead of paralogs going through a neutral
phase before neofunctionalization, they diverge under continuous selection throughout
their evolutionary history. Selection on expression could facilitate the maintenance of the
important structural properties that all proteins share such as solubility and fold stability
(Bloom et al. 2006) for long enough periods of time to facilitate neofunctionalization
within those constraints. This suggests that WGD, or polyploidization, is a source of
selectively maintained new genetic material that can contribute to phenotypic evolution
long after WGD (Freeling and Thomas 2006).
The numerous polyploidizations in several vertebrate lineages of varying ages
provide insight into the time scale of divergence of WGD genes (“ohnologs”; sensu
Wolfe 2000). The African clawed frogs (Xenopus and Silurana) have experienced
multiple recent polyploidizations. Xenopus laevis, which is descended from a tetraploid
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frog ~40 million years ago, exhibits strong purifying selection in branches immediately
following duplication as well as little asymmetry in sequence evolution between
ohnologs, supporting the dosage balance prediction that ohnologs should be maintained
by purifying selection to maintain an optimal level of protein abundance (Chain and
Evans 2006; Chain et al. 2008). Although different Xenopus species descend from
ancestors of varying levels of polyploidization they show little apparent phenotypic
diversity (Ditmer and Liberles 2010), though subtle molecular changes in expression
have been documented (Chain and Evans 2006). Thus, there seems to be little
evolutionary divergence of ohnologs in Xenopus tens of millions of years later.
Conversely, ohnologs from the more ancient teleost WGDs show much more widespread
asymmetric sequence divergence from the inferred ancestral state (Brunet et al. 2006).
Around half of all duplicates generated by the teleost WGD have been retained in at least
one extant lineage (Jaillon et al. 2004; Sato et al. 2009) with many showing lineagespecific loss from the genome (Sato et al. 2009). A comprehensive study of teleost
ohnologs found that a majority of the genes underwent subfunctionalization in
expression, with a smaller subset of genes neofunctionalizing (Kassahn et al. 2009).
These patterns of gene duplicate evolution observed in the more recent Xenopus and the
ancient teleost polyploidizations supports the interpretation that dosage balance is not a
permanently stable state maintaining functional redundancy, but a force that considerably
slows divergence of dosage-balanced ohnologs. Therefore, these gradual changes in
expression of ohnologs could account for both the long time course of divergence after
whole genome duplication and also the long-term maintenance of the two Scn4aa sodium
channels in teleost muscle.
A number of characteristics specific to ion channels, and particularly the muscle
specific sodium channels, suggest that these channels are dosage-balanced and were/are
being maintained by selection for stoichiometric balance with other ion channels. Teleost
fish have eight voltage-gated sodium channels in their genomes, all of which were
produced by a series of whole genome duplications from a single gene: two at the base of
vertebrates and one at the base of teleosts (Lopreato et al. 2001; Novak et al. 2006; Zakon
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2012). Scn4a has not duplicated in any vertebrates except teleosts (Zakon 2012). This
pattern suggests that Scn4a is dosage sensitive and therefore produces a deleterious
phenotype when its expression changes relative to interacting genes such as the beta
subunits as well as other ion channels, such as potassium channels.
Electrophysiological studies also indicate that excitable cells are highly sensitive to
changes in expression of ion channels (Waxman 2001). Theoretical and empirical studies
demonstrate that intrinsic electrical properties of neurons are fine-tuned through the
control of ion channel expression (Marder and Goaillard 2006). Often, if one ion
channel’s expression is perturbed, other sets of channels are up- or down-regulated to
maintain the correct electrical properties of the cell (Marder and Goaillard 2006; Schulz
et al. 2006; O’leary et al. 2013). This illustrates the importance of expression levels in ion
channels and also a widespread overlap in function between ion channels. These patterns
support our hypothesis that Scn4a was dosage sensitive before the teleost WGD and
therefore Scn4aa and Scn4ab were under purifying selection for dosage balance
following duplication.

Neofunctionalization of dosage-balanced genes
Gene dosage is a compelling reason for the maintenance of redundant genes
following WGD, but elicits the question of why certain ohnologs are able to deviate
greatly from their original expression levels or why selection shifted from dosage
maintenance to a form promoting a novel function. Expression is often an evolutionarily
labile trait for genes (Rifkin et al. 2003; Chain and Evans 2006; Brawand et al. 2011). It
is therefore possible for a necessary range of absolute protein abundance to be maintained
even if the relative expression of dosage-balanced duplicate genes changes through time,
through either transcriptional or translational compensation by paralogs (Figure 1.11).
This pattern of “expression drift” may be common, where the rate of drift is a function of
the strength of selection on correct stoichiometry. A dosage-balanced state could then be
a stable, though transitory, state until more pronounced changes like neofunctionalization
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eventually occur (Hughes et al. 2007). Ancient genome duplications can therefore seed
evolutionary change long after the duplication event occurred.
Scn4aa and Scn4ab likely originated with identical expression patterns and identical
levels of purifying selection. The force of selection on dosage balance may have reduced
the rate of expression divergence. Our results support this possibility; although relative
expression has diversified to an extent in teleosts, Scn4aa exhibits a general tendency of
reduced expression relative to Scn4ab, and there is a pronounced phylogenetic signal in
the pattern of expression on the tree (Figure 1.7). We argue that Scn4aa has two unique
features that explain its continued maintenance in non-electric teleost muscle: (1)
stoichiometric relationships with other ion channels in the muscle membrane likely have
maintained both paralogs and under that selective regime each paralog’s expression
diverged through a series of nearly neutral expression changes where some changes were
slightly deleterious and other compensatory changes were slightly advantageous. This
occurred until Scn4aa was at low but significant levels in the ancestors of electric fish,
and (2) by virtue of its reduced relative expression, it was the more evolvable of the two
paralogs for novel muscle-derived organ function. In summary we propose that both
ohnologs were maintained by selection for their combined expression, while their relative
expression evolved by nearly neutral dynamics (Ohta 1992) until one of the ohnologs,
Scn4aa,

became

relatively freed

from

selective

constraints

in

muscle

and

neofunctionalized. The fact that Brownian motion best models the evolution of relative
expression between the paralogs in non-electric fish (Table 1.3) supports this hypothesis.
It could either be that Scn4aa drifted to lower expression or originally had lower
expression in the event that the WGD is due to an ancient allotetraploidy.
The relative down-regulation of Scn4aa measured by qPCR could be due to either a
global down-regulation of expression in all muscle cells or to a decrease in the number of
muscle cells in which Scn4aa is expressed compared to Scn4ab. In the gymnotiform
Sternopygus macrurus the electric organ has been shown to develop from a subset of fast
muscle fibers (Unguez and Zakon 1998). The genome duplication could have facilitated
the diversification of muscle fibers in teleost fish. Thus it is possible that Scn4aa was
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compartmentalized into a subset of muscle fibers before co-option into the electric organ
while Scn4ab was expressed in all muscle fibers and thus more constrained in its
evolution. In this scenario, gene duplication facilitated the elaboration of muscle fiber
types which facilitated the evolution of electrocytes. Higher resolution methods such as
in situ hybridization performed in a phylogenetic context would be needed to explore this
possibility.
Transcription is an important process for regulating protein abundance but there is
substantial regulation complexity of protein levels beyond transcriptional regulation
(Vogel and Marcotte 2012), because of this, the decreased transcription of Scn4aa
relative to Scn4ab doesn’t necessarily mean there is a lower relative density of Nav1.4a
channels in the membrane. The rate of translation and the stability of the mRNA and
protein can compensate for a decrease in transcription. It is also possible that the long
term maintenance of the ohnologs is due to a divergence of function to some degree.
Though dN/dS studies here and previous (Arnegard et al. 2010) show high conservation
between these two ohnologs in non-electric fish, the evolutionary time scales are large
enough that these analyses are expected to have low power. If there was some functional
divergence it was either non-essential to the electric fish ancestor, or the gain of electric
organs more than compensated for the functional deficit of losing a unique protein
expressed in muscle. Interestingly, there is some indication of a slight up-tick in
evolutionary rate in Scn4ab when Scn4aa was lost from muscle in the two electric
lineages (Arnegard et al. 2010). This question could be investigated through
electrophysiology comparing sodium currents between the ohnologs from a species
which shows constrained evolutionary rates, i.e. non-electric fish or from a sequence
based on ancestral state reconstruction if possible. Gene knockout studies through
morpholinos can also be informative about differences in function, though the effects can
be confounded if the expression is different between the two paralogs, so a species where
expression is highly similar such as G. aculeatus would be optimal.
Sodium channels in sonic muscles
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There are numerous examples of novel cell types and organ systems evolving from
muscle cells in teleosts, such as heater organs, electric organs, and sonic organs (Block
1991; Rome et al. 1996) yet no study has investigated whether Scn4a paralog expression
ratios vary in tissues other than electric organs. We found that midshipman sonic organ
muscle has the highest expression of Scn4aa relative to Scn4ab of any muscle type
measured, while having highly down-regulated expression in skeletal muscle. The
difference in expression pattern between the two muscle types is over a factor of nine.
These patterns are highly reminiscent of the electric organs and skeletal muscle of
gymnotiforms and mormyrids (Arnegard et al. 2010), indicating that this sodium channel
paralog may be more easily co-opted into novel muscle-derived organ systems. Future
investigations can explore whether Scn4aa is consistently up-regulated in these novel
organs (and down-regulated in skeletal muscle). Seeking out the roles of these duplicate
channels in the evolution and function of these other muscle-derived excitable tissues
would be particularly exciting, and could help elucidate general patterns of expression
evolution following gene duplication.

1.5 CONCLUSION
By studying the comparative genetic changes associated with the convergent
evolution of electric organs we can investigate the role that gene duplication plays in the
evolution of complexity. More broadly, studies such as these can reveal the diversity (and
constraints) of genetic solutions to adaptive problems. By measuring relative gene
expression and analyzing it in a phylogenetic context, we have demonstrated a postWGD evolutionary process where down-regulation precedes neofunctionalization. Our
findings are in agreement with a previous study that found a gradual down-regulation
before convergent non-functionalization (Anderson and Evans 2009), implying that this
phenomenon of “expression drift” in paralogs over exceptionally long time scales may be
more common than previously considered. The two-step process of expression drift
during dosage maintenance and co-option of the down-regulated paralog for novel
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function may be important in the evolution of novel organ systems, particularly those
involving ion channels and other proteins involved in complex functional networks. The
gradual down-regulation of a dosage-balanced ohnolog can be an evolutionary preamble
to drastic functional changes. Under the expression drift model, we expect the expression
of dosage-balanced duplicates as well as quantitatively subfunctionalized duplicates
(Force et al. 1999; Qian et al. 2010) to evolve by nearly neutral dynamics until one
becomes more susceptible to neofunctionalization or non-functionalization. We predict
that for clades where the expression tends to be lower there should be many more
instances of neofunctioanlization or non-functionalization of the lower expressed ohnolog
in that clade. With the growing accumulation of expression data, these results may
emerge as a common pattern across broad taxonomic samples.
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1.6 TABLES
Species
Danio rerio 1

Gene
Scn4aa

Scn4ab

Danio rerio 2

Scn4aa

Scn4ab

Gasterosteus
aculeatus 1

Scn4aa

Scn4ab

Gasterosteus
aculeatus 2

Scn4aa

Scn4ab

+ primer, Probe, - primer
5'-ACGTCTACAACTCCAACATGG-3'
5'-/56FAM/TGACACCAC/ZEN/CCTCAACGTTAC
CG/3lABkFQ/-3'
5'-TCCCAGCATCAGAACTGTTG-3'
5'-CCTATTGAAGAGTTGGATCCGTAC-3'
5'/56FAM/ACAGGGTTG/ZEN/AAGGGACTC
AGACAGTA/3lABkFQ/-3'
5'-AGTATTCTTATGGCAGCTCGTC-3'
5'-TGGGTCAATGTCAAGGTCAAC-3'
5'-/56FAM/CGACAACGT/ZEN/GGGACTCGGCT
AC/3lABkFQ/-3'
5'-TCATATGATGGCTGCTCATCC-3'
5'-CCTGACAGTGCTCTCCAATTAC-3'
5'/56FAM/AGTGCTGTT/ZEN/GGCAGTTCCA
TTTCC/3lABkFQ/-3'
5'-GCTGTTCCCACAAACTAAAGG-3'
5'-TGCCCTGCGACAATACTTC-3'
5'-/56FAM/TGTCCATAG/ZEN/CTGGTACGATGC
TCTCA/3lABkFQ/-3'
5'-AGTCGGATCACTCTGAACAAAG-3'
5'-GTGTGGTCTAACATCAGGAGTAC-3'
5'-/56FAM/ATGTCCTCA/ZEN/AACGCCAGAGC
TCC/3lABkFQ/-3'
5'-CAGGATCGTCTTTATGACCCG-3'
5'-GGGTAAAGGCAAGAAATGGTG-3'
5'-/56FAM/CGATTGTGG/ZEN/AGCACGACTGG
TTTGA/3lABkFQ/-3'
5'-TTGTTCGGCGTTTCTCTATGT-3'
5'-TCCTGAAGCTCTTGAAGATGC-3'
5'-/56FAM/TTGTTACAG/ZEN/ACGCTGCCCATT
CCT/3lABkFQ/-3'
5'-CTCCTGATGTTAGACCACACC-3'

Efficiency
1.964

sd
0.053

Exon
E6-E8

1.941

0.042

E1-E2

1.969

0.083

E20-E22

1.948

0.058

E6-E7

1.982

0.124

E26-E27

1.941

0.057

E19-E20

1.889

0.084

E19-E20

1.882

0.057

E18-E19

Table 1.1. Primers and probes used for quantitative RT-PCR. D. rerio and G.
aculeatus: used ensemble exon to determine primer target exons. For other species, exons
were determined by aligning the sequence with D. rerio.
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Table 1.1 continued.
Osteoglossum
bicirrhosum

Scn4aa

Scn4ab

Ictalurus
punctatus

Scn4aa

Scn4ab

Tetraodon
biocellatus

Scn4aa

Scn4ab

Gnathonemus
petersii

Scn4aa

Scn4ab

5'-TCATTGTCACACTTAGCCTGG-3'
5'-/56FAM/CCTTTCGGT/ZEN/CTTGCGCTCCTT
CC/3lABkFQ/-3'
5'-CCACTGAGTTTCCAATGATCTTG-3'
5'-TGAAAACCCAGATGACAGCG-3'
5'-/56FAM/AAGGAGCAA/ZEN/AAGTGAGCAAA
GTGGC/3lABkFQ/-3'
5'-CTTCCTTGACATTCTCTGCATTC-3'
5'-GGAAGATGGCAGATAGGTTGAC-3'
5'-/56FAM/CTCTGACCC/ZEN/TGAATGTACCAA
TTGCCA/3lABkFQ/-3'
5'-CTTCATCACTGAGAACACCCT-3'
5'-ACTTCGATAACGTGGGAATGG-3'
5'-/56FAM/CGTGAGGTG/ZEN/GAGATGCAGCC
ATATT/3lABkFQ/-3'
5'-CAGGTACATGTAGAGGTTTGACTC-3'
5'-GAAGAGGAAGAGCCGGAAC-3'
5'-/56FAM/CAAGGCCAG/ZEN/TGTTTGACGCA
GTT/3lABkFQ/-3'
5'-TCTACGATTGTGAAGCAGGTC-3'
5'-TTAGCATTGACCTCCGTGAC-3'
5'-/56FAM/TTCAAGGTC/ZEN/CCCATAGCAGA
GGC/3lABkFQ/-3'
5'-GCTGCAAAACGATGACTCAT-3'
5'-GCCCAGGAAGAGTCTGATTTAG-3'
5'-/56FAM/TCATCTGTG/ZEN/CTGAAATCCTCC
CCATC/3lABkFQ/-3'
5'-CACGTAGTCCACTGTGCTG-3'
5'-AAGTGAATCTGATCTTGATACCCC-3'
5'-/56FAM/CATTATCTG/ZEN/CCACTTCCTCCA
CCTTCT/3lABkFQ/-3'
5'-TCCTCATCCTCTTCCTCAGC-3'

34

1.943

0.068

E13-E14

1.899

0.074

E14-E15

1.971

0.059

E15-E16

1.923

0.057

E19-E21

1.948

0.063

E16-E17

1.912

0.06

E14-E15

1.959

0.043

E15-E16

1.979

0.062

E14-E15

Table 1.1 continued.
Pantodon
buchholzi

Scn4aa

Scn4ab

Eigenmannia
virescens

Scn4aa

Scn4ab

Xenomystus
nigri

Scn4aa

Scn4ab

Porichthys
notatus

Scn4aa

Scn4ab

5'-CCAGTACAGAGGAGGAAATAGAAG-3'
5'-/56FAM/AGCACAGCG/ZEN/GACTACCAGCC/
3lABkFQ/-3'
5'-GCTCTGGCTCAGGTTCAG-3'
5'-AGAAGATGATGCTATTGACCCC-3'
5'-/56FAM/TGCTTCAGG/ZEN/CGATTCCCTTGC/
3lABkFQ/-3'
5'-GCTCAACGATTGTGTAACAGG-3'
5'-ACAGTAGACTACGGCCCTC-3'
5'-/56FAM/TCTCTTCCT/ZEN/CTTCCTCAACGA
TGGGT/3lABkFQ/-3'
5'-GCTTTTGCCTTTCCCTTGTG-3'
5'-CGCCTATGGTTTCAAGACTTAC-3'
5'-/56FAM/TCTGGGTTA/ZEN/CTCTGAGCTCGG
TCC/3lABkFQ/-3'
5'-CAGTGTCCGCAGAGATTTG-3'
5'-AGTGGAGACAGAGGAAGAGG-3'
5'-/56FAM/TGGTGGAGC/ZEN/CTGAGCAGTGT
TTT/3lABkFQ/-3'
5'-ACCATCAGACAAGGACATCG-3'
5'-ACCTGCTATCGAGTTTGTCAC-3'
5'-/56FAM/TCGTCAGAG/ZEN/CTGTCCTCATCT
ACGTT/3lABkFQ/-3'
5'-GAGTCATCCGCCCCTTTG-3'
5'-AGGTAAAGGCAAGAGTTGGTG-3'
5'-/56FAM/ATGTCTTCA/ZEN/AAAGCCAGAGC
TCCACT/3lABkFQ/-3'
5'-TGGTCCGACGTTTCTCAATG-3'
5'-TGACCATGAGCCTAGTTGAAC-3'
5'-/56FAM/CTGCGAACC/ZEN/TTCAGATTGATG
CGT/3lABkFQ/-3'
5'-CCGACAGAGTTCCCGATAATC-3'
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1.996

0.044

E15-E16

1.936

0.047

E15-E16

1.791

0.015

E16-E17

1.774

0.022

E17-E18

1.976

0.034

E15-E17

1.955

0.038

E14-E15

2.047

0.038

E17-E18

1.972

0.051

E12-E13

Time of whole
genome duplication.

Most recent nonelectric mormyroid
ancestor 95% CI

Most recent nonelectric gymnotiform
ancestor 95% CI

Common ancestor to
gymnotiforms and
mormyroids 95% CI

283 mya
95% CI

0.22 – 0.63

0.21 – 0.59

0.71 – 1.05

302 mya
95% CI

0.20 - 0.56

0.22 - 0.60

0.59 - 0.99

322 mya
95% CI

0.21 – 0.55

0.19 – 0.50

0.44 – 0.85

Table 1.2: Confidence intervals for ancestral state reconstruction. 95% confidence
intervals of selected maximum likelihood ancestral state estimates of Scn4aa : Scn4ab
under a Brownian motion model of evolution with different time estimates for genome
duplication (Schluter et al. 1997).
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Tree

OU with one
optima

OU with two optima:
E/non-E

OU with two or three
optima: E/nonE/SandP.

Brownian
motion

All Species

69.97387

45.16519

47.13639

57.304
41

Electric Fish
Excluded

37.26104

NA

39.76701ǂ

25.194
25

Electric fish and
Midshipman
excluded

35.09383

NA

40.64255ǂ

19.681
48

Table 1.3. Continuous trait evolutionary model selection by AICc. E stands for
electric lineages, non-E stands for non-electric lineages. ǂ indicates OU model with two
optima, one for the G. aculeatus and T. biocellatus clade (SandP) and one for the rest of
the teleosts where the electric fish were excluded from the analysis.
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Species
Latimeria chalumnae

Gene
Scn4a

Accession
XM_006003262.1

Polypterus senegalus

Scn4a

KJ742826

Lepisosteus oculatus

Scn4a

ENSLOCT00000016297

Chitala chitala

Scn4aa
Scn4ab

GU362036
GU362058

Xenomystus nigri

Scn4aa
Scn4ab

GU362035
GU362057

Osteoglossum bicirrhosum

Scn4aa
Scn4ab

GU362037
GU362059

Pantodon buchholzi

Scn4aa
Scn4ab

KJ764872
KJ764873

Danio rerio

Scn4aa
Scn4ab

NM_001039825
NM_001045065

Ictalurus punctatus

Scn4aa
Scn4ab

KJ747955
GU362060*

Porichthys notatus

Scn4aa
Scn4ab

KJ742822
KJ742822

Gasterosteus aculeatus

Scn4aa
Scn4ab

ENSGACT00000004631
ENSGACT00000019623

Tetraodon nigroviridis

Scn4aa
Scn4ab

ENSTNIT00000000797
ENSTNIT00000004122

Tetraodon biocellatus

Scn4aa
Scn4ab

KJ742824
KJ742825

Oryzias latipes

Scn4aa
Scn4ab

ENSORLT00000014569
ENSORLT00000024364

Gadus morhua

Scn4aa
Scn4ab

ENSGMOT00000003242
ENSGMOT00000010937

Eigenmannia virescens

Scn4aa
Scn4ab

GU362032
GU362054

Gnathonemus petersii

Scn4aa
Scn4ab

GU362015
GU362039

Table 1.4. Accession numbers for all gene sequences used in the study.
*Additional sequence to complete the gene was provided by Drs. Eric Peatman and Chao
Li at Auburn University. cDNA contig: k63:698055.
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1.7 FIGURES

Figure 1.1: Box and whisker plots of relative expression of Scn4aa and Scn4ab
estimates from RT qPCR reactions on plasmid samples containing 1:1 relative
abundance. Dashed line denotes the expected log2 ratio and the boundaries (-1 to 1)
denote a full cycle’s difference (2X). In all four plasmid samples the two paralogs
crossed the threshold within half a cycle of each other. The bold line represents the
median value, the box spans the two inter-quartiles and the whiskers represent the
minimum and maximum values of the data, excepting outliers, which are represented as
dots. Pie charts represent the proportion of total sodium channel expression contributed
by each gene.
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Figure 1.2: Posterior inference of ancestral states. Vertical lines at zero in each of the
three distributions indicate equal expression between the paralogs. Frequency shows the
relative proportion of samples (20,000) falling within a bin of 0.2. The distribution
represents the marginal posterior distribution of each ancestral state given the measured
expression in each species. A) Panel of posterior distributions for the three ancestral
states assuming µ root = 0. B) Panel of posterior distributions for the three ancestral states
assuming a conservative prior of P(µ root)=N(0,10) for the state after the genome
duplication.
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Figure 1.3: Relative expression of Scn4aa and Scn4ab in plasmid constructs
containing a fragment of each paralog producing a 1:1 relative abundance. Relative
expression was estimated for each plasmid sample at 2 to 4 different dilutions where
50,000X represents the most diluted sample tested. Difference from the expected 1:1
(dashed line) does not appear to increase as the dilution increases as would be expected if
there was a difference in amplification efficiency between the two paralogs’ primer sets.
Standard deviation was estimated according to Karlen et al. (2007).
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Figure 1.4: Two primer-probe sets targeting different locations within the same
gene. Each boxplot shows the results of analyzing the results of qPCR experiments on the
same sample using two different primer probe sets targeting the same gene and assuming
100% amplification efficiency. Relative expression of the two primer-probe sets with the
expectation of a 1:1 relative abudance. D. rerio N=4, G. aculeatus N=3.
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Figure 1.5: Log2 relative expression of Scn4aa : Scn4ab at different muscle groups
along rostral caudal axis of three species. For each species N= 3. For zebrafish,
Embryo represents three separate cDNA samples derived from pooled whole larvae RNA
from 9 individuals at 3 days post fertilization. Adult represents four adults with muscle
sample approximately from mid-hypaxial region. R,M,C represent Rostral, Mid, and
Caudal respectively.
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Figure 1.6: Log2 relative expression of each non-electric species. Dotted line
represents equal expression of the paralogs (1:1). The three closest relatives of the
electric lineages are shaded in gray. Species tend to have a lower expression of Scn4aa
relative to Scn4ab, especially among the closest relatives of electric fish. Species and
sample sizes included were: P. notatus (N=5), G. aculeatus (N=3), T. biocellatus (N=4),
D. rerio (N= 4), I. punctatus (N=6), X. nigri (N=4), P. buchholzi (N=4), O. bicirrhosum
(N=3). Dot represents an outlier that was included in the analysis since its inclusion
would make statistical tests more conservative.

44

Figure 1.7: Ancestral reconstruction of relative expression of Scn4aa and Scn4ab.
Earliest point at the root of the tree corresponds to 302 mya. The scale bar signifies 100
my. The tree topology and branch lengths were derived from Betancur-R et al. (2013). D.
rerio and P. buchholzi images by Pogrebnoj-Alexandroff and Robert Back, respectively.
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Figure 1.8: Expression divergence between derived muscle tissue and trunk muscle
in the midshipman Porichthys notatus. Sonic muscle, which is attached to the swim
bladder, shows greater than a 9-fold increase in expression relative to Scn4ab compared
to trunk muscle (N=5).
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Figure 1.9: Comparison of dN/dS (ω) between the two paralogs. Up to three different
ω rates were fit to each branch of a phylogeny containing both paralogs: purifying
selection (ω-), nearly neutral selection (ωN), and positive selection (ω+). Box and whisker
plots compare the distribution of each of the rate classes between the two paralogs
Scn4aa and Scn4ab. Because some estimates in the purifying selection class were zero, a
constant of 0.0001 was added to each value. This had no effect on the results of statistical
tests but prevented box plots from stretching to negative infinity in the purifying selection
rate class. The bold line represents the median value, the box spans the two inter-quartiles
and the whiskers represent the minimum and maximum values of the data, excepting
outliers, which are represented as dots.
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Figure 1.10: Output of HYPHY Branch Site Rel method. Blue colors represent the
proportion of sites estimated to be under purifying selection at that branch. Grey is
neutral selection and red is positive selection. Thick branches represent branches that
have statistically significant support for positive selection after correction for multiple
comparisons.
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Figure 1.11: Schematic of expression drift under dosage balance selection. The
summed expression of the two paralogs (P1 +P2) evolves under stabilizing selection and
remains constant through time. Each individual paralog P1 and P2 evolves through a
series of nearly neutral deleterious and compensatory changes in expression level until
one paralog makes up most of the stoichiometrically required expression, freeing the
other one to neofunctionalize or become a pseudogene.
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CHAPTER 2:
Compensatory Drift
and the Evolutionary Dynamics of Dosage-sensitive Duplicate Genes

ABSTRACT

Dosage balance selection preserves functionally redundant paralogs for their combined
expression at an optimum. Here we present a model of the dynamics of duplicate genes
co-evolving under dosage balance selection. We call this the “compensatory drift” model.
Results from compensatory drift indicate that even though strong dosage balance
selection constrains the added expression of two paralogs to a stable optimum, each
individual duplicate can freely diverge from its original expression level. The model
relates genetic parameters to the rate at which duplicate gene expression changes over
evolutionary time. We show that as stabilizing selection strength increases and/or the
population size increases, the rate of expression evolution slows. It also shows that as the
typical size of mutations decrease, the rate of expression evolution increases. The model
introduces the expression threshold, the point where a duplicate's expression is
sufficiently low that function-altering substitutions begin to accumulate. As a result of
these

model

dynamics

we

show

that

dosage

balance

selection

impedes

neofunctionalization early after duplication but can later facilitate neofunctionalization
once the expression threshold is reached. We fit this model to expression data for a pair
of duplicate sodium channel genes in ten families of teleost fish including two convergent
electric fish lineages where one of the duplicates neofunctionalized. Using the model, we
estimated the strength of dosage balance selection and the expression threshold for these
genes. The results of our analyses indicate that functionally redundant paralogs may still
undergo radical functional changes after a prolonged period of compensatory drift.
*This chapter is currently in review as Thompson, Zakon, and Kirkpatrick. Genetics.
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2.1 INTRODUCTION
The fate of duplicate genes is characterized by two extremes. Most duplicates
degenerate into nonfunctional pseudogenes, while a select few evolve a new adaptive
function (Muller 1936; Ohno 1970). Early models of the evolutionary dynamics of
duplicated genes suggested that typically one member of a pair will quickly degenerate
into a pseudogene as it accumulates substitutions (Lynch and Conery 2000; Walsh 2003).
In rare instances, substitutions may supply a duplicate with a new, useful function in a
process called neofunctionalization. The time-scale for either pseudogenization or
neofunctionalization is expected to be fast, occurring on the order of a few million years
(Lynch and Conery 2000).
Recent research indicates, however, that the evolutionary dynamics for many
duplicates are not so simple (Force et al. 1999; Papp et al. 2003; He and Zhang 2005;
Rastogi and Liberles 2005; Scannell and Wolfe 2008; Qian et al. 2010). Some genes are
dosage sensitive, meaning that a change in their copy number alters expression and
disrupts the stoichiometric balance of their gene products with those of other genes.
Duplicates of dosage sensitive genes will typically only fix in a population if they
originate in a whole genome duplication (WGD), where all interacting partners duplicate
together. Selection to maintain the stoichiometric relations between the products of
duplicate genes, termed “dosage balance selection,” can preserve paralogs as functionally
redundant copies for prolonged periods of time (Birchler et al. 2001; Veitia et al. 2002;
Papp et al. 2003; Birchler et al. 2005; Aury et al. 2006; Blomme et al. 2006; Freeling and
Thomas 2006; Stranger et al. 2007; Qian et al. 2008; Edger et al. 2009; Makino and
McLysaght 2010; Konrad et al. 2011; Birchler and Veitia 2012; McGrath et al. 2014a).
Recent data on a pair of sodium channel duplicates in teleost fishes is consistent
with the expectations of the dosage balance hypothesis (Thompson et al. 2014). The two
duplicates, also called paralogs, have been conserved in muscle cells for over 300 million
years since the teleost-specific WGD. In two independent lineages of electric fish,
however, only one of the sodium channels is expressed in muscle cells. The other
duplicate was neofunctionalized to play a key role in the electric organ (Novak et al.
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2006; Zakon et al. 2006; Arnegard et al. 2010). Far from being a quick process, this
convergent neofunctionalization happened more than 150 million years after duplication
(Arnegard et al. 2010; Betancur-R et al. 2013). The phylogenetic context for the
evolution of the duplicates is shown in Figure 2.1. Thompson et al. (2014) proposed that
in the teleost ancestor, the duplicates were preserved after WGD by dosage balance
selection. One gradually drifted to lower expression levels while the other drifted to
higher expression. Ultimately, the paralog with low expression contributed so little to its
original function that it could be neofunctionalized in the electric organ without major
compromise to muscles.
This hypothesis raises theoretical and quantitative issues not previously explored.
Can dosage balance selection in fact maintain duplicates for hundreds of millions of
years? Will this mode of evolution produce distinct comparative patterns in a phylogeny?
And how does this evolutionary process impact the likelihood of neofunctionalization?
Here, we develop a model for “compensatory drift” that describes the evolution of
paralog expression under dosage balance selection. The model shows how key genetic
parameters determine the time scale over which duplicates are maintained before one is
lost or neofunctionalizes. The evolutionary dynamics of the model are determined by just
two parameters. The first is a speed parameter that relates mutation, selection, and
random genetic drift to the rate at which the two duplicates’ expression diverges. The
second is a threshold parameter that determines the point at which a duplicate’s
expression is sufficiently low that it is freed from dosage-balance constraints and so can
be lost or neofunctionalize. The model predicts two phases of evolution. In the initial
phase, the difference in expression between functionally identical paralogs drifts
randomly while their combined expression remains nearly constant. In the second phase,
the expression threshold is reached by one of the duplicates and the gene with lower
expression quickly accrues function-altering substitutions.
We fit the compensatory drift model to data from Thompson et al. (2014) on the
expression of sodium channel duplicates in ten families of teleost fishes. Our estimate for
the speed parameter is consistent with what is known about the biological parameters that
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feed into it, suggesting compensatory drift is a plausible model for sodium channel
evolution. Our estimate for the threshold parameter is to our knowledge the first
available. Finally, we demonstrate that dosage balance selection can greatly enhance the
probability of neofunctionalization, compared to the classic neutral scenario. These
results suggest that whole genome duplication, and other contexts in which dosage
balance selection acts, may be a particularly rich source of genetic novelty for
geologically long periods of time.

2.2 RESULTS

The model
After duplication, stabilizing selection favors an optimal total expression of two
duplicates. A mutation that affects expression of either duplicate will either increase or
decrease fitness depending on whether it brings total expression closer to or further from
the optimum. Mutations also experience random genetic drift, and so there is a nonzero
probability that both mildly deleterious and beneficial mutations will be established.
We visualize the evolutionary process as a series of fixation events that change the
expression of the duplicates. A schematic of the process is shown in Fig. 2. The two
paralogs evolve in an anti-correlated pattern. Mutations in one duplicate can move the
total expression away from the optimum. Compensatory mutations in the other duplicate
can move total expression closer to the optimum. The result is that total expression
remains close to the optimum, while the difference in their expression fluctuates
randomly. We assume the period of time where the population is polymorphic is
negligibly short compared to the time between mutations that ultimately fix. The state of
the population at any time is described by the total expression of the two duplicates, and
the difference in expression between them. If expression evolves to a point at which one
of the duplicates produces the bulk of the gene product, selection is no longer strong
enough to prevent function-altering substitutions from accruing in the paralog with lower
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expression. This threshold can be interpreted as either the point where pseudogenization
quickly occurs or when the benefit of neofunctionalization outweighs the fitness trade-off
from loss of the ancestral function.
Assumptions
The log-expression of two duplicates is denoted as p1 and p2. We assume that
stabilizing selection acts on the added sum of expression 𝐴 = 𝑝1 + 𝑝2 . The fitness
function acting on A is proportional to a normal distribution with mean equal to the
optimum 𝜃 and variance 𝜔2 (which are assumed constant in time). The variance
parameter determines the strength of selection, where larger values of 𝜔2 indicate weaker
stabilizing selection. No selection acts on the difference in expression, 𝐷 = 𝑝1 − 𝑝2 .
Mutations occur in the regulatory regions of each of the four gene copies at a rate µ
per generation. The rate at which mutations enter the population is therefore 4𝑁𝑒 𝜇,
where Ne is the effective population size. Mutations have effects on expression that are
additive on the log scale. The effect of a given mutation on p1 or p2, which we denote 𝛿,
2
is normally distributed with mean 0 and variance 𝜎𝑚
.

New mutations are either lost or fix under the combined forces of selection and
drift. Evolution thus proceeds by a series of fixation events at the two loci. This is a
Poisson process, and so waiting time between mutations is exponentially-distributed with
mean 1/(4𝑁𝑒 𝜇) generations. We calculate the fixation probability for each mutation using
Kimura’s (1962) diffusion approximation:

𝑃fix =

1−𝑒 −2𝑠
1−𝑒 −4𝑁𝑒 𝑠

.

(1)

Here, s is the selection coefficient of the new mutation:
𝛿2

𝑠 ≈ − 2𝜔2 .
54

(2)

Equation (2) is an approximation that neglects the deviation of the population from the
optimum θ. The approximation is valid when the standard deviation of mutational effects
is large relative to the typical deviation from the optimum. We verified the accuracy of
the approximation using parameter values consistent with the data on teleost sodium
channels from Thompson et al. (2014) (see Appendix A).
We assume that when the duplication occurs, the two paralogs have equal
expression and their total expression is optimal (D = 0 and A = θ).

As evolution

proceeds, expression of the duplicates will eventually fall to threshold level, denoted p*,
while its paralog rises to θ - p* at which the lower expressed paralog rapidly either
becomes a pseudogene or neofunctionalizes. That threshold is represented in our model
by a critical difference in the expression of the duplicates, 𝐷∗ = θ − 2𝑝∗ . If D reaches
either D* or –D*, then one or the other duplicate is lost to its original function.
Evolutionary dynamics
Our goal is to determine the probability distribution for expression levels at times
following the duplication event. Simulations reveal that under plausible parameter values,
evolutionary trajectories are confined to values of A very close to θ (see APPENDIX X).
This suggests the dynamics can be approximated by a one-dimensional diffusion in the
expression difference, D. We write the probability density of D at time t following the
duplication as F(D, t). The evolution of the density function is described by
𝜕

𝜕2

1

𝐹(𝐷, 𝑡) = 2 σ2𝐷 𝜕𝐷2 𝐹(𝐷, 𝑡) .
𝜕𝑡

(3)

This is the heat equation (Cox and Miller 1965), where σ2𝐷 is the diffusion parameter.
This parameter determines the speed at which D evolves, and it equals the rate of increase
in variance of D per generation. Appendix B shows that

σ2𝐷 = 𝑘

𝜇𝜔 3
3⁄2

𝜎𝑚 𝑁𝑒
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.

(4)

Here, k is a constant that is independent of the model’s parameters. It is difficult to
calculate analytically, so we determined its value (k ≈ 1.543) numerically (Appendix B).
From equation 4, we gain insight on the impact of biological parameters on the
speed at which D evolves. Imagine that we follow a set of evolutionary lineages that
began to diverge independently after the duplication event. The variance in values of D
initially increases at a constant rate such that the variance is σ2𝐷 𝑡 at t generations after
duplication. Thus the diffusion rate σ2𝐷 sets the speed of divergence, as illustrated in Fig.
3. Equation 4 shows how the biological parameters affect this speed. It is reduced by
larger population sizes. Larger values of Ne cause a greater number of mutations to enter
the population in each generation but also increase the efficiency of purifying selection;
the net result is that a smaller fraction of mutations fix (see Equation 1). Equation 4 also
shows that the speed of divergence increases with higher mutation rates (larger µ) and
decreased strengths of selection (larger ω2). A somewhat unintuitive result is that the
speed of divergence declines as the average effect size of mutations (σm ) increases. This
is because larger mutations are more likely to be strongly deleterious and therefore very
unlikely to fix.
To summarize the model:

the probability density of D evolves according to

Equation 3, with initial condition D = 0 at t = 0 and with absorbing barriers at ±𝐷∗ .
Before doing any further analysis, Equation 3 tells us a simple but important fact.
Although the model is based on six underlying biological parameters (μ, ω, σm, Ne, θ, and
p*), the evolutionary dynamics are governed by only two: the speed parameter σ2𝐷 , and
the threshold D*.
The solution for the density function of D is:

𝐹(𝐷, 𝑡) =

1
2𝑡
√2𝜋𝜎𝐷

∑∞
𝑛=−∞ {exp (−

(𝐷+4𝑛𝐷 ∗ )2
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2𝑡
2𝜎𝐷

) − exp (−

(𝐷+(4𝑛−2)𝐷 ∗ )2
2𝑡
2𝜎𝐷

)}

(5)

for –D* < D < D* (Cox and Miller 1965). The probability that one of the duplicates has
either been lost as a pseudogene or neofunctionalized after t generations is
𝐷∗

𝑃loss (𝑡) = 1 − ∫−𝐷∗ 𝐹(𝐷, 𝑡)𝑑𝐷
(4𝑛+3)𝐷 ∗

= 4 ∑∞
𝑛=0 {Ф (

2𝑡
√𝜎𝐷

(4𝑛+1)𝐷 ∗

)− Ф(

2𝑡
√𝜎𝐷

)} ,

(6)

where Ф denotes the standard normal cumulative distribution function (Cox and Miller
1965).
These results imply that the time between duplication and loss can be long. To get
some idea of the timescale, we can calculate the time needed for there to be a 50%
probability that a duplicate is lost. This is achieved by using parameter values that are
plausible for the electric fish clades. The population size is Ne = 104 and the mutation
rate is µ = 10-5. The strength of stabilizing selection (ω2 = 156) is such that 90% of
mutations are strongly deleterious (|𝑠| > 1/2𝑁𝑒 ) and so have negligible chance of
fixation.

The threshold is 𝐷 ∗ = 2 𝜎𝑚 , which means that following duplication the

threshold p* could in principle be reached with the fixation of just two mutations of
typical size. (As we will see, however, that does not happen because the vast majority of
mutations are eliminated by dosage balance selection.) Under these assumptions, we find
from equation 6 that after 58 million generations there is still a 50% probability that
neither gene will have been lost. Thus dosage balance selection can maintain functional
paralogs for very long evolutionary periods.

Fitting the model to data
In order to assess the plausibility of this model and to estimate parameters of
biological interest, we fit this model to data on the expression of sodium channel
duplicates from Thompson et al. (2014). The data are the relative expression levels of
the two paralogs in ten families of fishes and the phylogenetic relations between those
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families (Fig. 1). The parameters being fit are the diffusion rate σ2𝐷 and the threshold for
gene loss D*.
We used Approximate Bayesian Computation (ABC) because it allows inferences
about models that are too complicated for statistical frameworks such as likelihood
(Tavare et al. 1997; Beaumont et al. 2002; Beaumont 2010). The basic approach
compares summary statistics measured from simulated data to the same statistics
measured from the real data. Estimates for the parameters are given by the values that
produce simulated datasets most similar to the real data. In practice, this is accomplished
by choosing values for the model parameters from prior distributions, simulating the
model with those values, and comparing the summary statistics that result with those
from the real data. The parameter values used in the simulation are rejected from the
posterior distribution if the summary statistics from the real and simulated datasets are
not sufficiently similar.
We simulated the evolution of expression on the phylogeny under the model
described above. The output of the simulation gave the identities of the lineages (if any)
that lost one of the paralogs, and the relative expression of the two paralogs for those
lineages that have not. These results were compared to the actual data using two types of
summary statistics. The first summary statistic, which is binary, is determined by whether
neofunctionalization occurred in the two lineages of electric fishes but no other lineages.
We rejected all simulations in which that pattern was not observed. The second kind of
summary statistic was the independent contrasts (Felsenstein 1985) at the nodes of the
phylogeny for the relative expression of the duplicates in the nonelectric fishes. We
rejected simulations if the Euclidean distance of the independent contrasts between the
real and the simulated data exceeded a threshold. Further details are given in Appendix
C.
The joint posterior distribution for the diffusion rate σ2𝐷 and the threshold for gene
2
loss D* is shown in Fig. 4. The most probable estimate for σ2𝐷 is 1.6 × 10−8 𝜎𝑚
/ year,

with a 95% credible interval of [4.8 × 10-9, 6.8 × 10-8]. The posterior probability
distribution of D* has a credible interval of [2.1, 6.5] which suggests that, after
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converting from log-scale, at least an 8.3-fold difference in expression between the
sodium channel duplicates evolved before the expression threshold, p*, was reached and
Scn4aa became neofunctionalized.
We explored what these results imply about the biological parameters on which the
model is based. We began by estimating the strength of dosage balance selection on the
2
sodium channels. We used the most probable estimate of σ2𝐷 (= 1.6 × 10−8 𝜎𝑚
/year)

and the following values for the other biological parameters: µ is between 10-6 and 10-4
per allele per generation, Ne is between 104 and 106, and the generation time is one
generation per year. Equation 4 and those parameter values then imply that the variance
of the fitness function, ω2, is between 22 σm2 and 4.8 x 104 σm2.
Next, we asked about the fraction and the effect sizes of mutations that fix. For this
purpose we assumed ω2 lies in the range [22 σm2, 4.8 x 104 σm2], that D* takes its most
likely value (= 2.56 σm), and µ and Ne again lie in the ranges given in the previous
paragraph. We then simulated the compensatory drift process (see Appendix A for
details). These results suggest that dosage balance selection removes between 76% and
96% of expression altering mutations, and that fewer than 7,000 substitutions are
necessary to reach the threshold for gene loss. The average size of expression changes
caused by mutations that fix is between 0.03 σm and 0.19 σm. We emphasize that while
these estimates are very rough, they are to our knowledge the first estimates for the
important evolutionary parameters.

Neofunctionalization and compensatory drift
Because dosage balance selection can maintain duplicates for long evolutionary
periods, it may be more likely that neofunctionalization will occur than it does when
dosage balance is weak or absent (Force et al. 1999; Papp et al. 2003; Aury et al. 2006;
Hughes et al. 2007; Scannell and Wolfe 2008). To explore that idea further, we extended
our model by adding two new kinds of mutations. The first is loss-of-function mutation
that renders one of the duplicates a pseudogene. The impact on fitness and the probability
that a loss-of-function mutation fixes is given by the fitness function used in the main
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model except only the expression of the non-pseudogenized duplicate contributes to the
ancestral function. The second kind of mutation neofunctionalizes one of the duplicates.
It suffers the same fitness cost as a loss-of-function mutation, but also benefits by a 0.1%
fitness gain from its new function. We compared the frequency of neofunctionalization in
three simulated populations (Appendix A) evolving under different levels of dosage
balance selection from strong to very weak: ω2 = 102, 104, and 106 σm2. For all three
simulations we set expression altering mutations to be ten times more frequent than
pseudogenizing mutations and pseudogenizing mutations as 103 times more frequent than
neofunctionalizing mutations. We set the population at Ne = 104, the mutation rate at µ =
10-5 mutations per allele per generation and the optimal expression, θ, as 5 σm.
We found that neofunctionalization is greatly facilitated by dosage balance
selection. Fig. 5 shows that strong dosage balance selection preserves duplicate genes for
longer (more mutations occur before loss) and that neofunctionalization happens nearly
10 times more frequently than when dosage balance selection is very weak. Although
dosage balance selection prevents neofunctionalization early after gene duplication, it
makes that outcome more likely in the long-run because it prevents either duplicate from
degenerating into a pseudogene. There is a range of expression in which
neofunctionalization is likely because the fitness cost of losing the original function is
smaller than the benefit of gaining the new function. Strong dosage balance selection
makes it more likely that expression will drift into this range and trigger
neofunctionalization before a loss-of-function mutation is fixed.
2.3 DISCUSSION:
We formalized a model of the evolutionary process that we call compensatory drift.
This model shows how dosage balance selection on duplicate genes (paralogs) can lead to
neofunctionalization some tens to hundreds of millions of years after duplication. Dosage
balance selection constrains the added expression of both paralogs to an optimum, but it
does not constrain expression of the individual genes. That allows the relative expression
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of the paralogs to drift apart by the fixation of mutations with small effects. The speed at
which this divergence occurs is determined by the diffusion rate 𝜎𝐷2 , which in turn is a
function of several biological parameters. Our results show that stronger dosage balance
selection and larger mutational effects on expression causes slower divergence because a
greater fraction of mutations are strongly deleterious and so have virtually no chance of
fixation. Larger populations also decrease the rate of divergence because they enhance
the efficiency of selection and so eliminate a larger fraction of mutations.
We fit this model to data on expression and neofunctionalization of sodium channel
2
duplicates in teleost fishes. Our estimate for the diffusion rate 𝜎𝐷2 is 1.6 x 10-8 𝜎𝑚
/year,
2
where 𝜎𝑚
is the variance of mutation effect sizes. The square root of that number is

roughly equal to the amount of divergence between two lineages that accumulates per
year, measured on a log scale. The implication is that compensatory drift causes the ratio
of expression of the two duplicates to diverge by 0.0001 𝛿 ̅ / year, where 𝛿 ̅ is the average
effect that a mutation has on the relative amount of gene product produced by each
duplicate. The results further imply that selection removed over 76% of regulatory
mutations in sodium channels from teleost populations. We also estimated the expression
level at which neofunctionalization of a sodium channel gene (Scn4aa) happened in the
two electric fish lineages. It occurred when expression of that gene was at least 8.3-fold
lower than the other duplicate (Scn4ab).
This work builds on earlier hypotheses about the evolution of dosage-sensitive
duplicates. Aury et al. (2006) proposed that expression of duplicates evolves by
compensatory changes, which can greatly delay the loss or neofunctionalization of one of
the pair. Other researchers suggested that gene loss in a duplicated network would put
positive selective pressure for loss of other duplicates in the same network and thus lead
to concerted duplicate inactivation (Papp et al. 2003; Hughes et al. 2007; Konrad et al.
2011). In contrast, our model suggests that loss of a duplicate that evolves under
compensatory drift may not have much effect on other genes in its network since its
paralog will already be producing (almost) all the gene product needed.
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Several lines of evidence are consistent with dosage balance selection after whole
genome duplication (WGD). In contrast to classical models where redundant duplicates
evolve neutrally, dosage balance predicts both pairs to be essential early after duplication.
WGD does not disrupt dosage balance and therefore many preserved duplicates
originating in a WGD may evolve under dosage balance selection. The paramecium P.
tetraurelia has undergone three WGDs in its evolutionary history. In a large proportion of
the duplicates from the most recent WGD, both members of the pair are evolving under
strong purifying selection, and this proportion declines in time (Aury et al. 2006). This
pattern indicates that many genes are dosage-sensitive and evolve under dosage balance
selection, but that eventually preservative selection is lost for one of the duplicates. There
are also examples from vertebrate genome duplications. Some 100 my after a WGD in
the ancestor of salmonid fishes, about half of the duplicates are retained, and one quarter
of those are still similar in expression and sequence (Berthelot et al. 2014). In a WGD
that happened in the ancestor of teleost fishes about 300 my ago, many duplicate pairs
persisted for over 200 my before a member of the pair was lost (Blomme et al. 2006;
Brunet et al. 2006; Sato et al. 2009). Delayed loss of duplicates long after WGD was also
observed among paramecium species (McGrath et al. 2014b). Together these patterns
indicate that many duplicates after WGDs are dosage-sensitive and evolve in two phases:
an initial prolonged phase where both duplicates evolve under purifying selection and a
later phase where a duplicate is eventually lost. This later phase could be due to a paralog
drifting to low expression and may be the stage at which a redundant gene is most likely
to evolve a new function.
Additional predictions flow from the compensatory drift model. Duplicate pairs
should persist longer if their total expression is high because more mutations must fix to
reach the expression threshold p*. Both yeast and Paramecium show just that pattern:
there is a positive correlation between expression levels and the longevity of duplicated
genes following WGD (Seoighe et al. 1999; Aury et al. 2006; Gout et al. 2010; McGrath
et al. 2014b). Gout et al. (2010) argued that stabilizing selection on total expression is
stronger on dosage-balanced duplicates that have high levels of expression. That idea is
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consistent with our model:

the speed at which the relative expression of paralogs

diverges slows down as the strength of selection increases. The model also makes
predictions about patterns of subfunctionalization of dosage-balanced duplicates. When
duplicates are expressed in different cell types under different regulation, compensatory
drift can occur in parallel in the two cell types occasionally leading to a subfunctionalized
expression pattern. Finally, our model makes predictions about phylogenetic patterns. We
expect the member of a duplicate pair that has neofunctionalized in a lineage to have
lower expression than its paralog in closely related lineages where neofunctionalization
has not occurred (Anderson et al. 2009; Thompson et al. 2014).
Compensatory drift may play an important role in three other evolutionary contexts.
Dosage balance selection can act on gene duplicates that do not arise by WGD. Selection
for increased expression can fix a duplicated gene in a population (Kondrashov 2012).
Subsequently, there is stabilizing selection favoring the new higher expression optimum.
Once that level is reached, the expression can diverge by compensatory drift as described
by our model. Second, the co-evolution of transcription rate and translation rate for any
gene evolving under stabilizing selection for expression. An important difference from
our model for duplicate genes is that these two rates cannot completely compensate for
each other. Qualitatively, however, we expect to see similar evolutionary dynamics.
Third, compensatory drift may happen in the coevolution of enhancer elements. Enhancer
turnover is a well-documented phenomenon, in which transcription levels remain
constant despite significant evolutionary divergence of promoters (Bullaughey 2011;
Domene et al. 2013; Paris et al. 2013).
Dosage balance selection may provide opportunities for adaptation long after a
whole genome duplication occurs. When one of a duplicate pair of genes drifts to a low
level of expression, a period of incubation occurs during which it can evolve a new
function. As illustrated by duplicates of sodium channel genes in teleost fishes, downregulation of dosage-sensitive duplicates may be a common pre-adaptation in many
diversifying gene families. Compensatory drift thus may still be facilitating adaptation
very long after the two WGDs that occurred near the base of the vertebrate tree.
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2.5 FIGURES

Figure 2.1. Sodium channel expression and phylogenetic relationships of ten teleost
fish species. The relative expression in skeletal muscle of the voltage-gated sodium
channel genes, Scn4aa and Scn4ab, is represented with pie charts for each of the ten
species. Thick red segments on the branches subtending the two electric fishes, E.
veriscens and G. petersii, indicate the likely location on the tree where electric organs
evolved and Scn4aa neofunctionalized (Arnegard et al. 2010; Betancur-R et al. 2013).
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Figure 2.2. Schematic of the coevolution of paralog expression under compensatory
drift. Axes show the expression of the duplicate genes and fitness is represented with a
grey-scale. The dotted line shows the maximal fitness where p1 + p2 = θ. The expression
thresholds where a duplicate loses its original function are indicated by dotted lines at p*
and θ – p*. A sequence of several consecutive expression changes are shown with
numbered circles.
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Figure 2.3. The speed of expression divergence.

Examples of the evolution of

expression difference, D (= p1 – p2), when the diffusion parameter 𝜎𝐷2 is small (top) and
large (bottom). Each panel show sample trajectories and the final probability distribution
for D (at right). In the top panel, the final distribution of D is approximately normal;
neofunctionalization and pseudogenization are rare.

In the bottom

neofunctionalization is frequent (large rectangles outside the thresholds at ±D*).
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panel,

Figure 2.4. Posterior distributions of 𝝈𝟐𝑫 and D* estimated from sodium channel
expression in teleost fish. The joint distribution is shown as a scatterplot, and marginal
distributions are shown above and at right. The modes are shown by the horizontal and
vertical lines.
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Figure 2.5. Dosage balance selection and the probability of neofunctionalization.
The top panel indicates the number of mutations that occur before one of the duplicates
neofunctionalizes or pseudogenizes. Dots show the mean and whiskers one standard
deviation of log-transformed data.

The bottom panel compares the frequency of

neofunctionalization for three strengths of dosage balance selection from strong (ω 2 =
102 σ2𝑚 ) to very weak (ω2 = 106 σ2𝑚 ). Results are based on 103 simulations.
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CHAPTER 3:
Neofunctionalization of a Duplicate Sodium Channel
in a Neurogenic Electric Organ
Abstract
Voltage-gated ion channels have repeatedly played an essential part of the evolutionary
expansion of nervous tissue types throughout the animal kingdom. Here we investigate
the role of gene duplication and expression changes in the voltage-gated sodium channel
alpha subunit gene family during the evolution of a novel electric organ derived from
motor neurons. We show that a muscle specific sodium channel duplicated and one of the
resulting duplicates acquired expression and sequence substitution patterns that indicate it
has been evolutionarily coopted into the neurogenic electric organ where it appears to
have neofunctionalized for function in that tissue.
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3.1 INTRODUCTION
Ion channels have played a substantial role in the evolution of novel traits across
all of the domains of life. Voltage-gated ion channels make up the core of the membrane
protein machinery behind action potentials within the nervous systems of animals.
Despite their highly conserved function, voltage-gated ion channels have been implicated
in the evolution of derived phenotypes in complex organisms, such as the electric organs
of the gymnotiform electric fishes. The regulated currents that flow through ion channels
directly generate the electrical communication signals that have evolved in these fish.
The electric organ is evolutionarily and developmentally derived from skeletal
muscle and is composed of populations of electrocytes that generate an electric organ
discharge (EOD). One of the genetic changes allowing the evolution of these electric
fishes’ unique communication system occurred over 100 million years before electric fish
existed, when the ancestor of all teleost fish underwent a whole genome duplication
(WGD). In that duplication event, the voltage-gated sodium channel of vertebrate skeletal
muscle, Scn4a, duplicated to Scn4aa and Scn4ab (Novak et al. 2006). When myogenic
electric organs evolved over 100 million years later, the same paralog, Scn4aa, lost
expression in skeletal muscle and was compartmentalized into the electric organ (Zakon
et al. 2006; Arnegard et al. 2010; Thompson et al. 2014).
The neurons that innervate the derived myogenic electrocytes, called electromotor
neurons (EMNs) emanate from the spinal cord to control the frequency of action potential
spikes in the electrocytes and thus the EOD frequency (Waxman and Anderson 1980;
Unguez and Zakon 1998; Smith 2005). A lineage within the gymnotiforms, called the
Apteronotidae, exhibits a radically altered developmental program, producing an electric
organ distinct from other electric fishes. Early in development, apteronotids develop a
myogenic electric organ with features similar to other electric fish. However, the larval
apteronotid myogenic electric organ soon disappears and highly derived EMNs in the
spinal cord take their place as the electric organ (Kirschbaum and Schwassmann 2008).
In vivo measurements of EMNs in Apteronotus leptorhynchus show that these cells fire
spontaneously at high frequencies (up to the kHz range), similar to the frequency of the
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EOD, and can maintain these frequencies independent of inputs from pacemaker neurons
in the brain (Schaeffer and Zakon 1996; Smith 2005).
Here, we sought to investigate what evolutionary events contributed to the derived
neuronal electric organ phenotype of the apteronotids, a lineage that evolved within a
clade exhibiting an already highly derived myogenic electric organ. We report that, like
the myogenic electric organs of gymnotiforms, the neurogenic electric organ of the
apteronotid subclade co-opted a duplicate sodium channel from one of the sodium
channel subtypes found in skeletal muscle. This new voltage-gated sodium channel
originated after the evolution of neurogenic electric organs when Scn4ab duplicated.
Subsequently, one of the duplicates experienced a brief burst of accelerated coding
sequence evolution where its coding sequence gained clusters of substitutions in domains
important to the inactivation machinery of sodium channels. We show that this gene
gained expression in the spinal cord, where electrocytes are located. Expression of an
Scn4a ortholog in the spinal cord, to our knowledge, has never been observed in any
vertebrate. These two changes co-occur within the same evolutionary time span,
suggesting that this new sodium channel was coopted by the neurogenic organ for EOD
production.

3.2 METHODS
RNA extraction and library preparation
Skeletal muscle samples were taken from the mid-trunk hypaxial location and the
spinal cord from the mid to tail location of three adult Apteronotus albifrons and three
adult Ictalurus punctatus. Tissue samples were flash frozen and total RNA was extracted
and DNA removed, following previously described protocols (Thompson et al. 2014).
Total RNA samples were submitted to the University of Texas at Austin Core genomics
facility, where ribosomal RNA was removed and paired-end 100bp RNA-seq was
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performed on an Illumina HiSeq 2000 to produce between 30 and 34 million reads per
sample.

Transcriptome Assembly
Preprocessing and filtering was performed using fastx toolkit. The last 10 bases at
the 3’ end of all reads were removed from the dataset. Next, all reads with more than
20% of bases with phred quality scores of less than 30 were removed from the dataset.
Finally, reads without a pair were removed. Filtered reads from muscle and spinal cord in
each individual fish were then combined for assembly. Pre-processing yielded between
43 and 53 million reads per fish (no more than 33% of reads were removed from each
sample as a result of filtering). Transcriptomes were assembled for each fish using
SOAPdenovo-Trans version 1.01 (Xie et al. 2014) using default settings and gap-filling
and with kmer sizes set to 35 and 45 (two assemblies per fish).
To extract the sodium channel alpha subunits, we used Basic Local Alignment
Search tools BLASTn from BLAST+ version 2.2.29 (Camacho et al. 2009) for each of
the two kmer size assemblies from each individual fish’s transcriptome, resulting in a
total of 6 sets of sodium channels per species. Sequences of 8 sodium channel alpha
subunits from Danio rerio gathered from GenBank were used to extract the top 5
significant hits for each sodium channel in each transcriptome. The resulting sequences
from all 6 transcriptomes were then merged into a single file and clustered using CDHIT-EST version 4.6.1 (Huang et al. 2010). Sequences were assigned to a cluster if at
least 30% of their sequence overlapped with the longest sequence in the cluster, and they
were at least 98% identical in sequence and greater than 300 nucleotides in sequence
length. All sequences of the longest contig from each cluster were trimmed to coding
sequence. A library composed of the longest member of each cluster was then blasted
back using BLASTn and BLASTx with the non-redundant nucleotide and protein
collections on the NCBI server. The highest scoring contigs as measured by e-value were
used to annotate each contig, with each contig named according to its closest Danio rerio
homolog.
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Read mapping and expression estimation
To assess the quality of the assembled transcriptomes and measure gene
expression, raw unfiltered reads were mapped against the assembled sodium channel
alpha sequence library with BWA-MEM (Li 2013). Quality of mapping was assessed
using samtools idxstats and flagstats as well as through visual inspection using Integrated
genome viewer (Thorvaldsdóttir et al. 2013). In A. albifrons, all of the gene sequence for
Scn4ab contained high frequency polymorphisms at a density of approximately one per
30 nt, with all polymorphisms “linked” in the same reads. This pattern strongly indicates
an unassembled paralog that is highly similar in sequence. These high mismatch reads
were extracted from the sam file and converted back to fastq files. These reads were then
assembled using SOAPdenovo-trans with Kmer size 55. The resulting sequence was
blasted, annotated, and added to the library using the methods described above.
We assessed assembly quality with Integrative Genome Viewer 1.3.1
(Thorvaldsdóttir et al. 2013), which showed no mapping from unassembled sodium
channels. To make the final library for read-mapping and counts, we aligned all the
sodium channel sequences and pared sequences down to align with the shortest sequence
(Scn8aa in A. albifrons, and Scn8ab in I. punctatus). This produced sequences that were
no less than 35% of the coding sequence for each gene, with the smallest sequence being
1.9 kb. These pared down sequences are within the coding sequences of each gene. This
approach minimized the possibility of mismapping from unassembled regions of sodium
channels to the assembled regions of other members of the family, and added certainty
that we were comparing counts between homologous sequences (Brawand et al. 2011).
Finally, library quality was also assessed post-mapping using IGV, as in above; no
significant nonspecific mapping was found.
HTSeq-count (Anders et al. 2014) was used to count reads mapping to each gene
transcript or feature. Counts were then normalized to gene length and total read density to
produce an estimate proportional to the relative molar concentration of each isomer
(Pachter 2011; Wagner et al. 2012), or, in other words, the relative read density as an
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estimate of the proportion of total sodium channel alpha subunit transcripts expressed in
spinal cord and muscle. The proportion of sodium channel i in tissue j with read counts,
c, and feature length, L, was calculated as 𝑝𝑖,𝑗 = ∑

𝑐𝑖,𝑗 /𝐿𝑖

𝑖∈𝐺 𝑐𝑖,𝑗 /𝐿𝑖

where G is the set of 5 sodium

channel transcripts assembled in I. punctatus or 6 in A. albifrons. To obtain this same
measure in E. electricus, we used FPKM data from Gallant et al. (2014) and calucluted
the proportion of total FPKM which yields the same value (Pachter 2011).

Phylogenetic placement of gene duplication and selection analysis
Degenerate primers targeting Scn4ab homologs were designed and PCR and
Sanger sequencing was used to sequence these sodium channels in two apteronotid
species; Apteronotus bonapartii and Adontosternarchus devenanzii (muscle tissue was
kindly provided by the laboratory of Troy Smith at Indiana University). These sequences
were combined with Scn4ab sequences obtained through previous work in the lab
(Arnegard et al. 2010). In total 12 Scn4ab sequences were gathered from 11 gymnotiform
species, including four apteronotid species. An additional eight published Scn4ab
sequences from non-gymnotiform teleost species, gathered from GenBank, were
included, yielding an alignment with a total of 20 sequences. These sequences were
codon aligned using the MAFFT version 7 algorithm on the GUIDANCE server (Penn et
al. 2010). Columns that had a score of less than 0.6 were removed (10% of columns).
JModelTest 2.1.7 (Darriba et al. 2012) using AICc showed that SYM+I+G (a GTR model
with equal frequencies of nucleotides, proportion of invariant sites and 4 discretized
Gamma distributed rate classes) was the best model for this data. MrBayes version 3.2
(Ronquist et al. 2012) with default prior settings and the above model was used to
construct a consensus gene tree. A maximum likelihood tree was built with the same
evolutionary model and 1000 bootstrap replicates using GARLI 2.0 on the GARLI server
(GARLI 2.0 Bazinet et al. 2014; Zwickl 2006). Branch specific ω (dN/dS) was estimated
by fitting a codon alignment and posterior consensus tree to a random effects branch-sites
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model using maximum likelihood (Kosakovsky Pond et al. 2012) on the Datamonkey
server.

3.3 RESULTS
Duplication of Scn4ab
To explore the evolutionary role that sodium channel alpha subunits played in the
evolution of the neurogenic electric organ we assembled the transcriptome of the spinal
cord and skeletal muscle of Apteronotus albifrons as well as that of the channel catfish I.
punctatus. I. punctatus was used for comparison because catfish are the closest nonelectric clade to the gymnotiforms. We de novo assembled the transcriptomes of pairedend Illumina reads from spinal cord and muscle total RNA from 3 individuals from each
species using SOAPdenovo-Trans (Xie et al. 2014). In both species our assembly
produced a complete or at least 35% of the coding sequences of all the sodium channels
expected in the two tissue types: Scn1lab, Scn4aa, Scn4ab, Scn8aa, and Scn8ab (Novak
et al. 2006; Chen et al. 2008; Gallant et al. 2014). These sequences were annotated using
reciprocal BLAST. When mapping RNA-seq reads from muscle to the assembled family
of sodium channels in A. albifrons, we detected a duplicate copy of Scn4ab not
previously known in teleost fish. This was signified by high frequency polymorphisms
distributed evenly along the entirety of the assembled sequence of Scn4ab in muscle but
not in spinal cord. All polymorphisms existed within the same reads and corresponded
among all three biological replicates. These mismatching reads were extracted from the
fastq files and assembled to reveal a new gene that is 94% identical to Scn4ab in amino
acid sequence.
We determined the timing of this gene’s origination using a comparative analysis
of coding sequences of Scn4ab in teleost species. This lab had previously sequenced large
fractions of a single Scn4ab ortholog in the apteronotids A. albifrons and A.
leptorhynchus (Arnegard et al. 2010). The complete CDS of both Scn4ab paralogs was
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attained in this study using assembled RNA-seq data. We used PCR and Sanger
sequencing to sequence large fractions (~50% of CDS) of a Scn4ab ortholog in two
additional

apteronotid

species,

Adontosternarchus

devanenzii

and

Apteronotus

bonapartii. To determine when the duplication occurred we aligned the five apteronotid
sequences of Scn4ab with the coding sequence of several other gymnotiforms as well as
several non-electric teleost species and performed phylogenetic analysis (see methods).
The Bayesian and maximum likelihood phylogenetic placement of this gene strongly
supports the duplication occurring within the apteronotid clade, indicating the gene
originated in a species that already had a neurogenic electric organ (Figure 3.1).

Neofunctionalization of Scn4ac
Duplicate genes often evolve novel functions (neofunctionalization) soon after
duplication. In the absence of selection for redundancy, evolution is expected to proceed
in two phases, an initial phase where substitutions rapidly accumulate neutrally or by
positive selection, and a subsequent phase where the gene then evolves under purifying
selection for a new function. These evolutionary dynamics produce a signature in the
coding sequence that can be detected by fitting branch-site codon models of evolution to
an alignment and phylogenetic tree (Anisamova and Yang 2007; Kosakovsky Pond et al.
2012). These models fit one or multiple dN/dS ratios (ω) to each branch for a given
phylogeny. Maximum likelihood estimation of the mean branch specific ω values
(Kosakovsky Pond et al. 2012) indicates that one duplicate experienced a burst of
positive selection/relaxed purifying selection following duplication and then returned to
evolving under purifying selection, whereas the other duplicate remained much more
conserved throughout its evolutionary history (Figure 3.2). The previously sequenced
sodium channels in A. albifrons and A. leptorhynchus appear to actually be the more
derived of the two duplicates, and thus are referred to herein as Scn4ac, whereas the
newly discovered sequence displays more conserved evolutionary patterns and thus
retains the name Scn4ab.
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Sodium channels have been studied for decades across diverse taxa. Well
developed in vitro and in vivo electrophysiological assays have allowed researchers to
directly investigate the single molecule properties of domains of the gene family that are
conserved across the animal kingdom. An alignment of Scn4ac with other sodium
channels reveals substitutions in areas known to be important for fast inactivation (Figure
3.3). Voltage-gated sodium channel inactivation impacts the shape of the action potential
and the frequency of action potentials. The cytoplasmic loop connecting the domains III
and IV contains a conserved inactivation particle of hydrophobic amino acids. This
conserved region docks with the inactivation receptor, composed of intracellular
sequences located at the S4-S5 linkers within DIII and DIV, and occludes the pore,
effectively blocking sodium current (Smith and Goldin 1997; Popa et al. 2004). Scn4ac
demonstrates several amino acid substitutions in the inactivation receptor located in DIV.
These changes to the inactivation machinery could be adaptations for the wave-form and
frequency of the EOD, two attributes that are known to be important to communication in
these species (Curtis and Stoddard 2001; Arnegard 2010). In vivo recordings of
electrocytes in A. leptorhynchus indicate that there is a non-inactivating sodium current in
the EMNs of some of these species that may contribute to the autorhythmic kHzfrequency of these cells’ firing pattern (Smith and Zakon, unpublished data).
Expression evolution of Scn4ac
If Scn4ac neofunctionalized to contribute to the novel electrical properties of
some Apterontid electric organs then we should be able to detect a shift in expression
from skeletal muscle to the spinal cord, where the cell bodies of electrocytes of that organ
are located. Because the spinal cord of the electric eel showed very little expression of
Scn4ab relative to other sodium channels (< 2%; data from Gallant et al. 2014), Scn4ac
may have shifted into the spinal cord when it duplicated, either as a post-duplication
mutation or as a direct result of duplication. If this is true, then we would expect that the
channel catfish I. punctatus should show low expression of Scn4ab in the spinal cord at
similar levels to the electric eel spinal cord.
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We used read mapping of RNA-seq data to measure sodium channel expression in
A. albifrons and I. punctatus spinal cord and muscle. The relative molar concentration of
transcripts (Pachter 2011; Wagner et al. 2012) of Scn4ac relative to the rest of the sodium
channels is a comparable measurement across species. This measure controls technical
biases across samples and its use also avoids the problems associated with normalizing to
all transcripts in the transcriptome, such as possible differences in the relationship
between total read number and transcript number between samples (Wagner et al. 2012).
Therefore any changes in the relative makeup of the sodium channel gene family will
provide information about the relative roles of the different paralogs in the derived spinal
cord phenotype of apteronotids.
We found that Scn4ac has gained expression in the spinal cord. Whereas Scn4ab
has less than 1% of sodium channel expression in the spinal cords of both electric eel and
catfish, in A. albifrons, the neofunctionalized duplicate, Scn4ac, makes up more than
25% of total sodium channel expression, indicating a significant shift in expression. The
other, more conserved duplicate, Scn4ab exhibits the ancestral, muscle-specific
expression and makes up less than 1% sodium channel expression (Figure 3.4).
This measure, however, may not be accurate if there is no uniformity in the read
distribution along sequence length among genes or if there are undetected splice-forms
that are significantly different in size. De novo assemblers often miss correct alternative
splice forms and create splice forms that are chimeric sequences (Vijay et al. 2013). We
took special care to avoid the creation of chimeras but at the trade-off of potentially
missing shorter splice forms (see methods). In A. albifrons, reads were mapped to two
fragments of each gene of similar length and the relative molar concentration distribution
was highly similar between the two (data not shown), therefore we are confident that
alternative splicing does not have a significant impact on relative expression estimates in
this gene family. To detect an evolutionary shift in expression and control for betweengene technical biases we compared the log ratio of Scn4ac(ab) proportion of sodium
channel expression in the spinal cord (psc ) relative to the proportion in skeletal muscle
(pm ), log(psc/pm) (Dunn et al. 2013). We found that Scn4ac has a significantly higher
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proportion of expression in the spinal cord (Figure 3.5) relative to muscle compared to
the same measure for its paralog Scn4ab in A. albifrons and Scn4ab in I. punctatus (two
tailed t-test unequal variance with Bonferroni correction for multiple comparisons, p <
0.025). Data from one individual of electric eel, Electrophorus electricus, also indicates
that myogenic gymnotiforms have Scn4ab expression patterns more similar to I.
punctatus and A. albifrons Scn4ab than to Scn4ac (Figure 3.5).
Like non-electric fish but unlike fellow gymnotiforms, A. albifrons muscle
appears to have a sizable amount of expression of Scn4aa; ~35% of total sodium channel
expression which is consistent with previous qualitative observations (Arnegard et al.
2010). This difference could be due to the functional alteration in the inactivation
properties of the Scn4ab paralogs and thus a need for a conserved sodium channel in that
species’ muscle since Scn4aa in apteronotids displays much more conservation than its
orthologs in myogenic electric species where it is expressed solely in the electric organ
(Arnegard et al. 2010, Gallant et al. 2014).
3.4 DISCUSSION

Within the gymnotiforms, a lineage of fish with a unique neuronally derived
electric organ, the Apteronotidae, display patterns of expression among the sodium
channel gene family that are very different from the rest of the clade. Whereas Scn4aa
shows virtually no expression in the skeletal muscle of gymnotiforms with musclederived electric organs, and little relative expression in the closest non-electric relatives
(Arnegard et al. 2010; Gallant et al. 2014; Thompson et al. 2014), RNA-seq data suggest
it has a significant amount of expression in apteronotid skeletal muscle. These data show
that unlike the rest of gymnotiforms, which express one sodium channel in skeletal
muscle, this species expresses three (Figure 3.4).
One of the three sodium channels expressed in apteronotid muscle originated
from the duplication of Scn4ab. The newest duplicate appears to have originated after the
split of the ancestor of A. albifrons and Adontosternarchus devanenzii (Figure 3.1),
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indicating that Scn4ac originated after the evolution of neurogenic electric organs.
Scn4ac shows a significant amount of expression in the spinal cord where the
electrocytes of apteronotids are located. This is a drastic departure from comparative data
from mammals to fish showing that Scn4a orthologs are muscle specific and probably
evolved that specificity very early in vertebrate evolution (Trimmer et al. 1989; Yang et
al. 1991; Raymond et al. 2004; Jurkat-Rot and Lehman-Horn 2005; Novak et al. 2006;
Gallant et al. 2014; Zimmer et al. 2014).
Branch specific ω patterns indicate that soon after duplication, Scn4ac
experienced a burst of accelerated evolution then followed by strong levels of purifying
selection around the time of the A. albifrons and A. leptorhynchus split. This pattern of
selection is asymmetric with the other duplicate, which shows a decrease in ω following
duplication (Figure 3.2). This burst of positive selection and gain of expression in the
spinal cord suggest that in a neurogenic electric ancestor, the skeletal muscle sodium
channel, Scn4ab, duplicated. Shortly after duplication one of the duplicates gained
expression in electrocytes in the spinal cord and neofunctionalized to contribute to the
unique electrical properties of that cell type.
Scn4ac is 94% identical to Scn4ab in amino acid sequence but the inactivation
machinery of this gene shows several clustered substitutions that indicate drastic changes
to the gene’s electrophysiology. Sodium channel inactivation is essential for resetting the
channel and allowing the membrane potential to reestablish its hyperpolarized resting
potential and ready the protein for another action potential. Along with the high level of
conservation in this region across the entire gene family, functional analysis through
mutagenesis of several residues in this region of orthologous genes indicate the
importance of this region for the inactivation of sodium channels (West 1992; Mcphee et
al. 1998; Deschenes et al.1999; Popa et al. 2004). One residue in Scn4ac has a
methionine-to-arginine substitution in a position that has been directly studied (Tang et
al. 1996). This Methionine was mutated to a glutamine in a human cardiac sodium
channel and the change was found to slow the kinetics of inactivation, with the channels
never fully inactivating. An activating (opening) but not fully inactivating (closing)
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sodium current has been observed in A. leptorhynchus electrocytes (T. Smith and H. H.
Zakon, unpublished data). If Scn4ac is the source of this current, then it could be the
molecular adaptation behind the autorhythmic behavior observed in the electrocytes of A.
leptorhynchus electrocytes (Smith 2005).
Both Scn4ac and Scn4ab have a methionine-to-leucine substitution in a wellstudied residue in the inactivation particle. Mutation studies on this position show effects
on inactivation kinetics (West 1992; Deschenes 1999). All four Apterontid species in
which we have sequence for an Scn4ab ortholog have this substitution, indicating it arose
early in the evolution of Apteronotidae and before the duplication that produced Scn4ac.
The fact that both sodium channels have this substitution is interesting, considering that
Scn4ab does not have other substitutions in the inactivation receptors and is also confined
to its ancestral skeletal muscle. The fact that both Scn4ab and Scn4ac are expressed in the
skeletal muscle is also puzzling. Presumably substitutions that cause an increase in the
sodium current in skeletal muscle would be highly deleterious to these fish, as it would
lead to a greater excitability of their muscles. Perhaps these substitutions are mitigated by
changes in the expression and sequence of interacting proteins, such as the sodium
channel beta subunits (Chen and Cannon 1995). Further investigations into the expression
patterns and electrophysiology of Scn4ab and sodium channel accessory proteins among
disparate groups of Apteronotidae would shed light on these surprising observations.
De novo assemblers generally do a poor job of accurately assembling alternative
splice forms and often produce spurious chimeric sequences (Vijay et al. 2013); chimeras
were a significant potential problem for our analysis and great care was taken to avoid
them. This extra care, however, potentially filtered out true alternative splice forms and
may make us underestimate expression when alternative splicing is present. If, for
example, when comparing two genes, one gene has more alternative splicing than the
other, the relative expression will be biased in favor of the gene with less splicing
(Trapnell et al. 2010). In A. albifrons, after trimming all sequences to those that align
with the shortest contig assembled (Scn8aa), the mapping library consisted of two
fragments of similar length, one at the 5’ end of each gene and one at the 3’ end.
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Comparisons of normalized counts from the two yield very similar results, indicating that
alternative splicing likely is not a strong biasing factor in our dataset.
Interestingly, only some Apterontids have the Scn4ac duplicate, indicating
different species in this clade may differ in the electrical properties in their electric
organs. Only once this clade has been investigated more extensively will we understand
how large of a role Scn4ac plays in the electric organ phenotype of the species that have
it. However, we hypothesize that the electrocytes of apteronotids that lack Scn4ac, such
as A. devenanzii, will not have autorhythmic properties and will instead be dependent
upon the pacemaker nucleus to consistently generate their EOD. Future investigations
will determine whether Scn4ac was coopted and evolved to confer spontaneous firing
activity to a motor neuron derived electric organ.
In summary, we present evidence that a new sodium channel, Scn4ac, originated
in a clade within Apteronotidae and experienced a burst of positive selection along with a
gain in expression in the spinal cord, where the cell bodies of neurogenic electric organs
are located. Furthermore, the primary amino acid sequence contains substitutions
consistent with an alteration of inactivation properties, which are consistent with
electrophysiological data that show a persistent incomplete inactivating sodium current.
Together, these results indicate a nesting evolutionary pattern, in which Scn4a duplicated
twice, with each duplicate being coopted in the derived electric organ phenotype in this
clade. This pattern reveals an astounding evolutionary potential of the voltage-gated
sodium channel family, even hundreds of millions of years after these genes were
canalized as essential for normal muscle and neuronal function.

82

3.5 FIGURES

Figure 3.1: Phylogenetic timing of the gene duplication. The consensus tree of
MrBayes and GARLI exhibit identical topology. The Bayesian tree is shown with the
Bootstrap percentage/Posterior probability shown for each branch. The inset is the
apteronotid clade with * indicating the newly discovered gene. EOm marks the branch
where the myogenic organ appeard and EOe marks the branch where the neurogenic
organ appeared. The tree was rooted by five species from Acanthopterygii.
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Figure 3.2: The mean dN/dS maximum likelihood estimate for each branch leading
up to the two duplicate sodium channels. The graph begins with the MRCA of D. rerio
and the Apteronotids. Each plateau is the estimate of the mean ω for each consecutive
branch. The arrow indicates the time of the duplication. The top panel shows the
evolutionary history of selection for Scn4ac in A. leptorhynchus and A. albifrons. The
bottom panel shows the evolutionary history of selection for Scn4ab in A. albifrons.
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Figure 3.3: Alignment of sodium channel isoforms from three species. The six
sodium channels found in A. albifrons were aligned with all sodium channel subtypes in
D. rerio and H. sapiens for the inactivation receptor in Domain IV (closest to the Cterminal). Blue boxes represent sequences that comprise the inactivation receptor, the
black circle is the inactivation particle. Each of the four domains has six membranespanning alpha helices (red) and is connected by intracellular loops which are highly
variable in length.
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Figure 3.4: Proportion of total Scna expression in the spinal cord and skeletal
muscle of three species. Proportion of total expression estimated from RNA-seq data for
I. punctatus, A. albifrons, and E. electricus (rows). Scn4ac in red. Data from E. electricus
(N=1 specimen) from Gallant et al. (2014).
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Figure 3.5: Comparative expression of the log ratio of proportional expression of
Scn4ab and Scn4ac of spinal cord to muscle (psc/pm). * indicates a significant
difference of two pairwise comparisons and Bonferroni corrected α = 0.025; two-tailed ttest with unequal variance.
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APPENDIX A
Stochastic simulations for the evolution of p1 and p2
We used explicit stochastic simulations of compensatory drift to check the diffusion
approximation and gain additional insight about the evolutionary process. In our
simulations, expression-altering mutations appeared in diploid individuals in a population
of size Ne at a mutation rate µ per allele per generation. The initial conditions were p1 = p2
and p1 + p2 = θ. Expression evolved according to a Poisson process. The number of
generations until the next mutation appeared in an individual was drawn from an
exponential distribution with rate parameter λ = 4Neμ. Mutations occurred in either
duplicate with equal probability and changed expression of that duplicate by a random
amount, δ, drawn from a standard normal distribution. To calculate the selection
coefficient of a mutation, for example if p2 mutated to p2+δ then 𝑠 =

𝑊(𝑝1 ,𝑝2 +𝛿)
𝑊(𝑝1 ,𝑝2 )

−1

where W is the fitness function (equation 1 in Appendix B). The probability that the
mutation fixed was calculated with Equation 1 from the main text. If the mutation fixed,
then expression in the population for that duplicate was updated and the process began
again. Absorption occurred when the expression of one of the duplicates fell below the
threshold at p* or rose above the threshold at θ – p*. In this event, regardless of which
duplicate crossed a threshold, the duplicate with lower expression neofunctionalized or
pseudogenized.
To check the diffusion approximation, we simulated compensatory drift within a
single lineage for different numbers of generations and different values of the parameters
(µ, Ne, ω2). We generated empirical distributions for the difference in expression, D = p1
– p2, and compared them to the diffusion approximations given by Equations 5 and 6 in
the main text. Results showed that the simulations and diffusion approximation agreed
closely.
We also used the simulations to confirm the assumption made by the diffusion
approximation that the sum of expression, A = p1 + p2, tends to stay close to the optimum
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value, θ. We used the parameter values estimated from our ABC analysis to simulate
expression evolution under the model for 300 million generations (the approximate time
since the teleost WGD) and measure the standard deviation of A, which we denote as σA.
We found that σA is small compared to σm and θ.
To gain additional insight about compensatory drift, we used the simulations to find
the number of mutations, number of mutations that fix, and the sizes of mutations that fix.
The results are reported in the main text. We measured the proportion of all mutations
that fix under these parameter values, which we call α, and used this value to measure the
proportion of mutations that were prevented from fixing by dosage-balance selection. We
calculated that proportion as 1 - 2Neα.
Dosage balance selection and the probability of neofunctionalization
To compare the frequency of neofunctionalization of duplicates evolving by
compensatory drift verses duplicates evolving neutrally, we directly simulated duplicate
evolution as above. These simulations included two more types of mutations;
pseudogenizing and neofunctionalizing. The mutation rate was therefore a composite of
three different types of mutation with three different relative frequencies. We set the
pseudogenization mutation rate to be 103 times higher than the neofunctionalization rate.
Ten percent of mutations were pseudogenizing, and 0.01% of mutations caused
neofunctionalization. Neofunctionalization increased the fitness of the organism by 0.1%
but also caused a loss of fitness since expression nolonger contributed to the ancestral
function. The fitness of a pseudogenizing mutation, for example if p1 became a
pseudogene, was calculated as 𝑊 = exp (−
then 𝑊 = 1.001 × exp (−

(𝑝2 −𝜃)2
2𝜔 2

(𝑝2 −𝜃)2
2𝜔 2

) and if p1 had neofunctionalized

). The rest of the mutations (90%) alter expression as

in the above section. Simulations were performed with identical population parameters,
except the selection parameter ω2. All simulations evolved with μ = 10-5, which
represents the added rate of all three mutation types, and Ne = 104. The three simulations
had three different strengths of dosage-balance selection: ω2 = 102, 104, or 106σm2 (small
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values correspond to strong selection and large values to weak selection). One thousand
simulations were run for each of the three selection conditions. Simulations ended when
either pseudogenization or neofunctionalization of one of the duplicates had occurred.
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APPENDIX B
The model
Stabilizing selection acts on the total expression of two paralogous genes. The
logarithm of the expression levels of the genes are denoted p1 and p2. The fitness function
is:

𝑊 = exp [

−(𝑝1 +𝑝2 −θ)2
2ω2

]

(1)

where θ is the optimum for the sum p1 + p2, and ω2 is the width (variance) of the fitness
function (and so larger values imply weaker selection).
We assume that there is a threshold of expression. Above this threshold, a paralog
cannot become a pseudogene because the fitness cost to its original function would be too
great. Below the threshold, however, neofunctionalization is guaranteed to happen, and it
happens on a fast timescale relative to the speed at which the ps change. We denote the
threshold as p*.
When a mutation that changes expression occurs, one of the two loci is chosen at
random to mutate. We assume that the distribution of mutational effects on expression,
denoted fμ(), is log-normal. On the logarithmic scale, this is normal with mean 0 and
2
variance 𝜎𝑚
. The probability that a mutation with an effect δ on either p1 or p2 fixes is

denoted Pfix(δ).

There is a probability μ per generation that a mutation affecting

expression will occur at each of the two gene copies at each of the two paralogs. The
waiting time until the next mutation appears in the population is exponentially-distributed
with mean 1/(4 Ne μ). We assume that the timescale on which a mutation becomes fixed
is fast relative to the waiting time between successful mutations, and so our model is an
approximation that is expected to be increasingly accurate with smaller mutation rates.
The evolutionary dynamics therefore proceed as a random walk in p1 and p2.
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A diffusion approximation
It is useful to work in terms of the sum A and the difference D in expression at the
two loci:
A = p1 + p2
D = p1 - p2

(2)

There are two reasons for this change of variables. Stabilizing selection acts on A
but is indifferent to D, and that fact simplifies the derivation below. Second, our data are
on D, and so this parameterization focuses our attention in the model on the quantity of
empirical interest.
In the absence of boundary conditions (that is, with no neofunctionalization), the
density function for A and D can be written as the product of independent density
functions:
𝑓𝐴,𝐷 = 𝑓𝐴 (𝐴)𝑓𝐷 (𝐷)

(3)

That relation also holds approximately when neofunctionalization does happen if
stabilizing selection is strong relative to drift. Then the value of A will stay very close to
its optimal value. The evolutionary dynamics then lie (almost) along a single dimension
in which A = θ and the difference in expression, D diverges with time. This is the key
approximation to what follows. We will therefore assume this situation holds, and
proceed to develop a partial differential equation (PDE) for the density function fD().
Simulations described in the Appendix A validate the accuracy of this approximation
over the parameter values of biological interest to us. The PDE for D follows that of
simple Brownian motion:
1

𝜕𝑡 𝑓𝐷 = 2 𝜎𝐷2 𝜕𝐷,𝐷 𝑓𝐷
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(4)

The diffusion coefficient 𝜎𝐷2 is the diffusion coefficient that determines the
evolutionary rate at which D will diverge in the paralogs.
Calculating the diffusion coefficient
The diffusion coefficient is defined as the instantaneous rate of increase in D, the
difference of expression in the paralogs. We calculate that rate as
2

𝜎𝐷2 = ∫(𝛿 − 𝛿 ̅) [4𝑁𝑒 𝜇𝑓𝜇 (𝛿)]𝑃𝑓𝑖𝑥 (𝛿)𝑑𝛿

(5)

where 𝛿 ̅ is the mean effect of mutations that fix, which is approximately 0. The term in
square brackets represents the number of new mutations with effect 𝛿 entering the
population each generation. Pfix(δ) is the probability that a mutation with effect 𝛿 fixes,
for which we use Kimura’s (1964) approximation:

𝑃fix (𝛿) =

1−exp[−2𝑠(𝛿)]
1−exp[−4𝑁𝑒 𝑠(𝛿)]

(6)

Here 𝑠(𝛿) is the relative fitness of a mutation with an effect δ on expression:
𝑊(𝛿)

(7)

𝑠(𝛿) ≈ 𝑊(0) − 1
𝛿2

≈ exp [2𝜔2 ] − 1 ≈

−𝛿 2

(8)

2𝜔 2

Equation (7) makes use of the earlier assumption that selection is sufficiently strong
relative to drift that A is typically very close to θ.
Combining these expressions gives us
𝜎𝐷2 =

4𝑁𝑒 𝜇
√2𝜋𝜎𝑚

−𝛿 2

∫ 𝛿 2 exp [2𝜎2 ] (
𝑚

𝛿2

exp[ 2 ]−1
𝜔
exp[

) 𝑑𝛿

2𝛿2 𝑁𝑒
]−1
𝜔2

(9)

That integral cannot be solved analytically. We can, however, determine its value using
the following combination of analytic and numerical arguments. The probability that a
mutation fixes is close to that for a neutral mutation (= 1/2Ne) if the magnitude of its
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selection coefficient is sufficiently small, while the probability becomes negligible if the
selection coefficient is larger than that. From basic population genetics, we know that this
critical value for the selection coefficient is c/2Ne, where c is an unknown constant that is
approximately equal to 1 (Crow and Kimura, 1970). Using δ* to denote the mutational
effect corresponding to that selection coefficient, we find from Equation (8) that
𝑐𝜔 2

𝛿∗ = √ 𝑁 .

(10)

𝑒

Now assume that the average size of mutational effects is much greater than δ*, in which
case 𝑓𝜇 (𝛿) ≈ 𝑓𝜇 (0) for −𝛿 ∗ < 𝛿 < 𝛿 ∗ .
Equation (9) for the diffusion coefficient is now
𝛿∗

1

𝜎𝐷2 ≈ 4𝑁𝑒 𝜇 ∫−𝛿∗ 𝛿 2 𝑓𝜇 (𝛿) (2𝑁 ) 𝑑𝛿
𝑒

≈𝑘

𝜇𝜔 3
3

⁄
𝜎𝑚 𝑁𝑒 2

,

(11)
(12)

where k is a numerical constant that is independent of all of the model’s parameters.
Notice that 𝜎𝐷2 is a decreasing function of Ne: increasing population size makes selection
more efficient and therefore decreases the frequency of new substitutions. The diffusion
rate also decreases with the average size of mutations (which is approximately 𝜎𝑚 ). That
is because larger mutational changes are more likely to generate an allele that is so
deleterious that it has virtually no chance to fix. The last element needed is the value of k.
While we could resort to further analytic approximations, we chose to determine the
value for k using stochastic simulations. We simulated a random walk in p1 and p2 (or
equivalently, in A and D) in the absence of absorbing boundaries at p = p* and θ- p*. We
calculated the variance among replicate simulations at time t and fit k using the fact that
under Equation (4) we expect
𝑉𝑎𝑟[𝐷] = 𝜎𝐷2 𝑡.

(13)

We find that k ≈ 1.543. We verified that consistent results are obtained from
2
simulations using different values for μ, ω2, 𝜎𝑚
, and Ne so long as the resulting value for

𝜎𝐷2 as given by Equation (12) is unaltered.
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APPENDIX C
We estimated the posterior distributions of the two model parameters, 𝜎𝐷2 and D*
from the comparative expression data in Thompson et al. (2014) using Approximate
Bayesian Computation, or ABC.

The approach follows three steps.

First, model

parameters (e.g. 𝜎𝐷2 and D*) are drawn from prior distributions. Second, the model is
simulated. Third, results from the model are compared to the real dataset using summary
statistics; parameters that yield results sufficiently similar to the real data are retained,
while the others are rejected.
We implemented ABC by simulating the diffusion approximation described in the
text. We first selected uninformative prior distributions for the two model parameters.
For 𝜎𝐷2 the prior distribution was f(𝜎𝐷2 )=1/(4ln(10) 𝜎𝐷2 ) which is a truncated Jeffrey’s
prior for a scale parameter (Gelman et al. 2004) where 10-10 < 𝜎𝐷2 < 10-6. This range was
determined through preliminary ABC analysis. For D* the prior distribution was uniform
between 1.975, and 10. We assumed the threshold was at least as high as the highest
value of D in the real data (zebrafish D = 1.975) and no higher than 10 based on
preliminary ABC analysis.
Once random values for 𝜎𝐷2 and D* were drawn from their prior distributions,
evolution of p1 and p2 was simulated on the phylogenetic tree for the species taken from
Betancur-R et al. (2013) (Figure 1). The initial value at the root of the tree was D = 0.
We then proceeded through the tree from each node to its daughter nodes, with times
between nodes specified by the tree. The value of D at a daughter node was determined
by first asking if absorption had occurred at D* or –D* using Equation 6. If absorption
did not occur, then a random value of D between –D* and D* was drawn from the
conditional distribution for D given by Equation 5. This process was repeated until the
tips of the tree were reached. We then recorded which nodes (if any) had reached
absorption and the values of D for those that had not. In total, 2x109 of these simulations
were performed.
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The ABC rejection algorithm was implemented in two steps. First, the phylogenetic
pattern of absorption was compared between the real data and each simulation.
Simulations were rejected if absorption did not occur on the electric fish lineages or if
absorption occurred on any other lineage. Of 2 x 109 simulations, 32,399 simulations
remained after this rejection step.
In the second step, we used independent contrasts (IC) (Felsenstein 1985) to
compare the remaining simulations to the data. The independent contrasts of the real data
and each simulation were calculated at each node on the tree. (The electric fish branches
were pruned from the tree since IC for relative expression is not defined once a paralog
has become neofunctionalized.) We used the pic function in the R package ape to
calculate vectors of IC and local linear regression with an Epanechnikov kernel to correct
for correlation between the statistic and parameter values in the posterior distribution
(Beaumont 2010). The Euclidean distance between the IC of each simulation and the real
data was measured and used to reject 90% of the remaining simulations so the closest
3,240 remained. We used the abc function in the R package abc to calculate the joint
posterior distribution for the two parameters, 𝜎𝐷2 , and D*.
To estimate the maximum a posteriori (MAP) values for the model parameters, we
fit distributions to the histograms of the posterior distributions and estimated the mode
from the fit distributions. For 𝜎𝐷2 we fit a normal distribution to the log10 transformed
posterior frequency data using the fitdistr function in the R package MASS and calculated
the mode as the mean of the fitted normal distribution. For D*, we fit a gamma
distribution to the posterior frequency data with the same function as above. The mode of
a gamma distribution is (α-1)/β where α is the shape parameter and β is the rate
parameter. For both, we visually determined that these distributions fit well by comparing
their cdf’s using the ecdf function in R.
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